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Propagation of Radar Waves 


8.1 INTRODUCTION 

Most of the discussion of the radar equation in Chap. 2 considered the radar energy to 
propagate in free space. In the real world, however, the earth s surface and atmosphere 
can have major effects on radar performance. In Sec. 2.12 we briefly mentioned a few 
of the propagation factors that can influence the range and coverage of a radar. Since 
propagation effects might extend the radar range significantly or reduce it drastically, it 
is important to account for the earth’s environment when attempting to predict radar 
performance. 

Free-space radar performance is modified by the following propagation effects. 

® Forward scattering (reflection) of the radar energy from the surface of the earth, which 
enhances the radiated energy at some elevation angles and decreases it at others. 

® Refraction (bending) of the radar energy by the earth’s atmosphere, which can cause 
the radar energy to deviate from straight-line propagation. 

® Ducting (trapping) of the radar energy, a form of severe refraction, which causes ex¬ 
tended radar ranges (and, surprisingly, might not always be a good thing). 

® Dijfraction of radar waves by the earth’s surface that causes energy to propagate be¬ 
yond the normal radar horizon. It applies mainly at the lower frequencies that are sel¬ 
dom used for radar applications. 
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• Attenuation of radar waves by the clear atmosphere, which generally has little or no 
effect on microwave propagation. 

• External noise that enters the radar receiver and increases the receiver noise level. 

• Backscatter from land, sea, and weather clutter, and attenuation in rain and other 
hydrometeors. These are not discussed here since they were included in Chap. 7. 

Most of the significant propagation effects at microwave radar frequencies occur within the 
line of sight of the radar. Diffraction effects when the radar is at a sufficiently low frequency, 
and ducting at almost any microwave frequency, can cause radar waves to bend around the 
surface of the earth and extend the radar range beyond the normal line-of-sight horizon. 

Although the basic theory of radar propagation may be well understood, accurate quan¬ 
titative predictions for a particular place and for a specific time in the future are not always 
easy to obtain because of the difficulty in acquiring the necessary information about the en¬ 
vironment in which a radar operates. In some respects, predicting the effects of propagation 
is a litde like forecasting the weather. The radar system designer is usually interested in a 
long-term statistical description of propagation effects so that the radar can be designed to 
fulfill its mission satisfactorily. Sometimes, however, the radar designer has to be content 
with only a qualitative knowledge of “average” propagation elfects. The military tactical 
commander or the air-traffic controller is not as interested in the long-term statistical effects 
of propagation or average conditions, but is more interested in the current or short-term fore¬ 
cast of radar propagation conditions that might be encountered. For example, based on cur¬ 
rent measurements of the environmental factors that affect radar propagation, a military tac¬ 
tical planner might be able to determine a flight profile of an attacking aircraft that would 
minimize the range where it is first detected by a defender’s radar. 


8.2 FORWARD SCATTERING FROM A FLAT EARTH 

To determine the type of effects the earth’s surface has on radar propagation, we initially 
assume a plane, smooth, perfectly reflecting flat earth. The results obtained with this sim¬ 
plification are indicative of what is obtained with more realistic models. The geometry is 
shown in Fig. 8.1a. The radar antenna is located at a height h^ above the planar surface. 
Its antenna radiation pattern is assumed to be uniform in elevation angle. The target is at 
a height hj and at a range R from the radar. The ground distance between the radar and 
the target is D (not shown in the figure). Energy radiated by the radar antenna arrives at 
the target via two separate paths. One is the direct path {AB) from radar to target; the other 
is the path {AMB) from the radar to the target that includes a forward-scatter reflection 
from the surface. The signal reflected by the target also arrives back at the radar by these 
same two paths. The magnitude of the resultant echo signal back at the radar antenna de¬ 
pends on the amplitudes and relative phases of the signals that propagate via the direct 
and surface-scattered paths. The modification of the field strength 77 (measured in volts/me¬ 
ter) caused by the presence of the earth’s surface may be expressed by the ratio 

^ ^ field strength at target in presence of earth’s surface 
field strength at target if in free space 


[ 8 . 1 ] 
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Figure 8.1 (a) Geometry illustrating radar propagation over a plane reflecting surface, (b) Vector addition of direct 

and surface-reflected signals, each of unity amplitude, with a phase difference of i/r. 


It is assumed in this analysis that the path lengths of the direct and surface-reflected sig¬ 
nals are almost (but not quite) equal so that the amplitudes of the two signals are essen¬ 
tially the same, except for any loss of signal suffered on reflection from the earth’s sur¬ 
face. That is, if the two signals differ in amplitude from one another it is due to the surface 
reflection-coefficient being less than unity, and is not due to a significant difference in the 
1/R^ factor. The slight range difference between the direct and surface-reflected paths, 
however, results in a difference in phase between the two which, when they combine at 
the target or at the radar, affects their sum. There is also a change in phase of the signal 
when it is reflected from the surface. This is represented by a reflection coefficient, which 
is a complex quantity F = pe The magnitude p describes the change in amplitude on 
reflection, the argument if/^ describes the phase shift. 

In this particular analysis we take the reflection coefficient to be r= -1. Thus the 
surface-reflected wave does not change its amplitude on reflection, but its phase is shifted 
by an amount if/^ = tt radians. A reflection coefficient of F = — 1 applies to a perfectly 
smooth, perfectly conducting surface if the radiation is horizontally polarized and the graz¬ 
ing angle is small. 

The problem is easier to analyze if we replace the surface-reflected signal with the 
signal radiated from the image of the radar antenna that is below the surface, at A' in Fig. 
8.1a. Instead of the surface-reflected path AMB, we consider the equivalent straight-line 
path A'MB. The path length AB is 

{h, - Kf 


AB = [EF -f {h, - haYV = D 
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In the above we assumed U, - /i^ I « D. The surface-reflected path length AMB, or its 
equivalent, A'MB is similarly 

{h, + hgY 


AMB = A'MB = [D-^ -f (/i, + KYV 


D 


2D 


[8.31 
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where we have assumed that ht + « D. Subtracting Eq. (8.2) from Eq. (8.3) results 

in the difference between the two paths AMB — AB, which is A = IhfhJD. We make the 
assumption that the horizontal distance D can be replaced by the range R, so that the dif¬ 
ference between the two paths is 


^ _ 2hji, 
R 


[8.4] 


To recapitulate, the geometrical assumptions we have made are that {ht ± ha) « D ~ R. 
The phase lag if/^ associated with this difference is found by multiplying Eq. (8.4) by 
27r/A. The total phase difference is then 

<A= [8.5] 


At the target there are two signals, the direct and surface-reflected, which are of the same 
approximate amplitude with a phase difference between them of if/, as given in Eq. (8.5). 
To obtain rj, the vector addition of these two signals is divided by the signal amplitude 
that would have appeared if in free space. The value of r; is found by applying the 
Pythagorean theorem to the sum of the two signal vectors. Fig. 8.1b, both of the same 
amplitude (normalized to unity) but with relative phase if/. This gives 

T] = [(1 + cos if/)^ + (sin if/f^^ = [2(1 + cos if/)f^ [8.6a] 

The value is the ratio of the signal power density (W/m^) at the target to the power 
density that would have been at the target if it were in free space, which becomes 


V^ = 2{1 


cos 


47rhaht \ 
XR ) 


= 4 sin^ 


I iTThght \ 

I ^ ) 


[8.6b] 


Because of reciprocity in propagation, the path from target to radar is the same as that 
from radar to target. The echo signal power density received at the radar, relative to what 
would have been received in free space, is the fourth power of 77 , or 


16 sin'* 


/ 2Trhah, \ 

I ) 


[8.7] 


Lobing The radar equation describing the received echo power is multiplied by the fac¬ 
tor p'* as given by Eq. (8.7). Since the sine function varies from 0 to 1, the factor t)"* varies 
from 0 to 16. The effect of the earth’s surface in this simplified example is to increase the 
received signal power at some elevation angles by as much as 16. At other elevation an¬ 
gles it can be zero. Because of the fourth-power relation between range and received echo- 
signal power, the radar range will vary from 0 to 2 times the range the radar would have 
if it were in free space. The result is that the radiation in elevation is broken up into lobes 
which increase the range at some elevation angles and decrease it at others, as shown in 
Fig. 8.2. This effect is sometimes called lobing. 
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Figure 8.2 Vertical 
(elevation) lobe structure of 
the radar radiation caused 
the presence of a planar 
reflecting surface. 



The field strength in the presence of the earth’s surface is a mayimnm when the 
argument of the sine term in Eq. (8.7) is equal to ttH, 377/2, . . . , (2n + 1 ) 77 / 2 , where 
n = 0, 1, 2, . . . . The peaks of the lobes occur when 


XR 


= 2n+ I 


maxima 


and the nulls, or minima, occur when the sine term is zero, or when 

2hah, _ 


XR 


minima 


[8.81 


[8.9] 


From Eq. (8.8), the angle of the peak of the first (lowest) lobe {n = 0), is at 

di = hJR = XIAha [8.10] 

Thus if it is desired to see targets at low angles, the wavelength must be small (high fre¬ 
quency) and/or the antenna height must be large. 

To illustrate the effects of a flat, smooth, perfectly reflecting earth’s surface on radar 
performance we include rf in the simple form of the radar equation [Eq. (1.6)], which 
then becomes 


Pr 


PfG^X^a 

(A-irfR^ 


■ 16 sin^ 


/ 2 77 / 1 A \ 

I A/? I 


When the argument of the sine is small. 


^ 4wP,G^o-(hahf 
X^R^ 


[8.11a] 


[8.11b] 


This represents the region below the peak of the first lobe. For targets at small angles 
(lower than the first lobe), the signal power is seen to vary as the inverse eighth power of 
the range, rather than as the inverse fourth power as occurs in free space.* The gain and 
wavelength appear in Eq. (8.11b) as the factor G/X instead of GX. The above applies for 
an antenna with a constant gain as a function of frequency. A different result is obtained 
if the effective aperture of the antenna is maintained constant with change in frequency. 


As shall be seen later, the variation of signal strength with range at low angles can be much more complicated 
than that given by Eq. (8.1 lb], especially under conditions of anomalous propagation. 
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Surface Reflection Coefficient In the above several simplifying assumptions were made. 
One was that the antenna elevation pattern was uniform. With an actual antenna the an¬ 
tenna gain as a function of elevation angle has to be taken into account since the gain in 
the direction of the target can be different from the gain in the direction of the surface- 
reflected ray. Another assumption was that the surface was smooth and perfectly reflect¬ 
ing. This is not always realistic since the reflection coefficient depends on the surface 
roughness, the dielectric properties of the surface, polarization of the radar energy, and 
the frequency. Figure 8.3a gives the magnitude of the reflection coefficient as a function 
of the grazing angle and frequency for vertical polarization over smooth sea water. Fig¬ 
ure 8.3b is the phase of the reflection coefficient for vertical polarization and a smooth 
sea. The magnitude of the reflection coefficient for horizontal polarization is given in Fig. 
8.3c. The phase of the reflection coefficient for horizontal polarization is approximately 


Figure 8.3 

Reflection coefficient for 
a smooth sea as a 
function of grazing 
angle, frequency, and 
polarization, (a) 
Magnitude of the 
^reflection coefficient for 
vertical polarization; 

(b) phase of the 
reflection coefficient for 
vertical polarization 
(phase of the reflected 
wave lags the phase of 
the incident wave); (c) 
magnitude of the 
reflection coefficient for 
horizontal polarization. 
The phase of the 
sflection coefficient for 
horizontal polarization 
: 180°, and is 
approximately 
independent of grazing 
angle and frequency, 
(From Lament Blake, 

Radar Handbook™] 
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TT radians, and doesn’t vary much with frequency or grazing angle. The magnitude of the 
reflection coefficient is generally less for vertical polarization than for horizontal. 

The minimum reflection coefficient for vertical polarization occurs at a grazing an 
gle known as the Brewster’s angle. When the reflection coefficient is less than unity and/or 
the phase of the surface reflection is not 180°, the nulls in the radiation pattern due to 
multipath will not be as deep and the peak value of the various lobes will decrease. 

Surface roughness depends on the physical roughness relative to the radar wavelength 
The lower the radar frequency (longer the wavelength), the smoother a surface will ap¬ 
pear to the radar and the more likely the lobing pattern due to multipath will be highly 
pronounced. For example, the range in the direction of the lowest lobe of a VHF radar 
that is suitably sited over a sea surface might be increased almost by the theoretical fac¬ 
tor of two indicated by the simple flat-earth model. At the higher microwave and mil¬ 
limeter wave frequencies, the less pronounced will be the effects of lobing. 

The different values of reflection coefficients shown in Fig. 8.3 for vertical and hor¬ 
izontal polarization can result is different coverage patterns. The nulls with vertical po¬ 
larization are not as deep and the maxima are not as great as with horizontal polarization. 
Vertical polarization might be specified when more uniform vertical coverage is desired 
and horizontal polarization might be preferred when greater range in the direction of the 
lobes is more important than more uniform coverage. Almost all air-surveillance radars, 
however, seem to employ horizontal polarization. The greater range at some elevation an¬ 
gles is a benefit that many radar manufacturers take advantage of when advertising the 
capabilities of their radars. The fact that there also are holes in the “long range” cover¬ 
age with horizontal polarization is seldom deliberately mentioned. 

Rough Surface Reflection Coefficient The theoretical curves of Fig. 8.3 assume a 
smooth reflecting surface. A smooth surface is sometimes defined by the Rayleigh rough¬ 
ness criterion which considers a surface to be smooth if /z sin i/i < A/8, where ip is the 
grazing angle and h is the difference between the extremes of the surface height. (Some 
take h to be approximately 4(7;,, and some take it to be 3(7^ where ct;, is the standard de¬ 
viation of the gaussian distribution of the surface heights.) A surface is smooth or rough 
to a radar signal depending on the grazing angle and the physical roughness relative to 
the radar wavelength. 

The surface roughness can affect the reflection coefficient more than the electrical prop¬ 
erties of the surface which enter into the reflection coefficients given by Fig. 8.3. Measure¬ 
ments by many workers have shown that the reflection coefficient for normal (nonsmooth) 
ground terrain is in the range 0.2 to 0.4 and is seldom greater than 0.5 at frequencies above 
1500 MHz at low grazing angles.’ An expression for the reflection coefficient p,. of a rough, 
perfectly conducting surface, such as the sea, was originally given by Ament^ as 

Pr = po exp [—2kffi^ sin^ tp] [8.12] 

where po is the complex reflection coefficient for a smooth surface (Fig. 8.3), k = IttIX, 
A = wavelength, is the mean square surface height, ip is the grazing angle, and h has 
a mean value of zero. Experimental data taken over the sea fit the expression of Eq. (8.12) 
for small values of the surface roughness parameter defined as (cr/, sin ip)IX, where ah is 
the rms value of the surface height h. The Ament theory underestimates the experimental 
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data of Beard^ when the roughness parameter is greater than 0.1. Miller, Brown, and 
Vegh"^’^ extended the theoretical analysis of Ament and obtained the following expression 
for the rough-surface reflection coefficient 

Pr = Po exp sin^ i//] • Io{k^h^ sin^ tj/) [8.13] 

where /o(z) is the modified Bessel function of zero order. Eq. (8.13) is Ament’s equation 
multiplied by the /q factor. It fits experimental data for roughness parameters less than 
0.3. Figure 8.4 plots Ament’s expression along with its modification, Eq. (8.13), and a set 
of experimental data. 

In the above the specular, or coherent, component of the scattered signal has been 
discussed. There is also a diffuse, or incoherent, component of reflection.® Its phase and 
amplitude are random, and scattering occurs over a wider range of angles than does the 
specular component. It has been reported to increase linearly with increasing surface rough¬ 
ness parameter, level off to a maximum, and then decrease as the inverse square root of 
the roughness parameter. 

The surface-scattered energy that causes lobing of the antenna elevation pattern 
not only affects the coverage of a radar but it also can introduce serious errors in height¬ 
finding methods as well as degrade low-angle tracking (as was discussed in Sec. 4.5). 

The effect of the surface-scattered wave on the coverage of the radar is indicated in 
the radar equation by the propagation factor F^, where F is defined as 

F=^ [8.14] 

Eq 

where is the field strength of the signal at the target (it includes the effects of the an¬ 
tenna pattern normalized to unity gain), and Eq is the electric field strength that would 
occur in free space with loss-free isotropic antennas. It is similar to the parameter 17 
defined by Eq. (8.1) except that F includes the effects of the antenna pattern on the 
elevation coverage. The propagation factor F was included in the numerator of the radar 
equation given in Chap. 2 as Eq. (2.61) 


Figure 8.4 Surface reflection coefficient 
fp, as a function of the surface roughness 
parameter defined as (cr/, sin i//)/A, where 
(Jh = rrns value of the surface height h, 
if'= grazing angle, and A = radar 
wavelength. Top curve is the theoretical 
expression given by Eq. (8.13), bottom 
curve is the original expression given by 
Ament as in Eq. (8.12), and the middle 
curve is the experimental data of Beard. 

I (After A. R. Mill er and E. Vegh, Naval Research 
I Laboratory Report 8898, July 31, 1985.) 


Surface-roughness parameter - (Ojj sin \|/)/A 





490 CHAPTER 8 ® Propagation of Radar Waves 


8.3 SCATTERING FROM THE ROUND EARTH’S SURFACE 

The use of a flat-earth model is quite suitable for understanding the general nature of the 
modifications that occur in the antenna coverage. The earth, of course, is not flat, and 
precise predictions of the effect of the surface on the antenna coverage must consider the 
round earth. This is especially true for coverage at low elevation angles near the horizon 

The reflection coefficient from a round earth is less than from a flat-earth surface be¬ 
cause of the divergence, or widening, of the beam when scattered from a round surface 
The so-called divergence factor describes the decrease in the scattered signal. The diver¬ 
gence of the beam, however, means that the reflected energy will be spread over a wider 
angular region than specular scattering from a flat surface. The grazing angle of specular 
reflection is easy to determine for a perfectly flat surface, but this same angle from a 
spherical surface is more difficult to compute. In the past it has been found using either 
approximations or numerical computations; but Miller and Vegh have provided a deter¬ 
ministic method for obtaining the grazing angle from a spherical surface.^ 

There exists in the literature the necessary information, graphs, and nomographs to 
compute the coverage of a radar when lobing occurs due to the presence of the earth’s 
surface.®’® This can be tedious when done by hand, especially when there are many lobes 
generated in the coverage. Computer programs are available that considerably ease the 
burden of calculating and plotting the coverages, one of the first of which was by Lam¬ 
ent Blake. 

An example of a calculated coverage diagram for an L-band radar over sea water is 
shown in Fig. 8.5 for both horizontal and vertical polarization. At low angles the maxi¬ 
mum range with vertical polarization in this example is decreased only slightly relative 
to the range with horizontal polarization. The effect of the Brewster angle on vertical po¬ 
larization, however, can be seen in the reduced ranges at higher elevation angles. One of 
the major consequences of the lobed elevation pattern due to multipath is that tracking of 
an aircraft flying at a constant altitude will not be continuous. Echoes will be received 
when the target is in one of the lobes, but the target might not be detected when it is in 
a null between the lobes. For instance, a target flying at a constant height of 30,000 ft will 
first be seen by a radar, whose coverage pattern is given by Fig. 8.5a, at a range of 170 
nmi. The target will be lost at 160 nmi, reappear at 146 nmi, be lost again at 136 nmi, 
and so forth. The coming and going of the radar echo can create problems with automatic 
detection and tracking systems. In such systems, allowance has to be made for the track 
to coast whenever the target is momentarily lost, rather than immediately drop the track 
as soon as it leaves the coverage of a lobe and have to initiate a new track when the tar¬ 
get echo reappears. 

As has been mentioned, the effeet of the interference between the direct and surface- 
scattered waves is to cause the peak of the lowest lobe of the elevation coverage to be at 
an angle higher than zero degrees, as was seen by Eq. (8.10) for the example of a flat 
earth. The lowest lobe with a round earth likewise will be at some angle above the hori¬ 
zontal. The result will be a lack of coverage of low-altitude targets. Figure 8.6a is a sketch 
of the elevation coverage of a long-range enroute air-traffic control radar. The details of 
the lobing are not shown. (There are two beams, an upper and a lower. We need only be 
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Figure 8.5 Example of a 
calculated vertical-plane coverage 
diagram for (a) horizontal 
polarization and (b) vertical 
polarization. Frequency = 1300 
MHz, antenna height = 50 ft, 
antenna vertical beamwidth = 

12° with the beam maximum 
pointing on the horizon, a sea 
surface with 4 ft wave height 
and free-space radar range of 
100 nmi. 



(a) 



concerned with the lower.) The lower beam is tilted so that its half-power point, rather 
than its maximum, is on the horizon. This makes the lobes (which are not shown) less 
pronounced, but it also decreases the coverage at low altitudes. The radar is seen to have 
a maximum range of about 235 nmi. This is a good range for an air-surveillance radar, 
until it is noted that this range occurs at an altitude in the vicinity of 85,000 ft, which is 
much higher than commercial aircraft fly. The range for an aircraft flying at 30,000 ft, 
according to this coverage diagram, is about 185 nmi, and is 165 nmi when the altitude 
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Slant range (nmi) 

(b) 


Figure 8.6 (a) Vertical coverage diagram of an /.-band long-range en-route air-traffic control 

radar, illustrating the reduced range of the lower beam at very low angles due to the multipath from 
the earth's surface. (From the brochure The ARSR-3 Story, Westinghouse Defense and Electronic 
System Center, Baltimore, hAD. Courtesy of Northrop Grumman Corporation.) (b) Calculated vertical 
coverage diagram of the Raytheon AN/SPS-49 radar. Long-range mode with antenna rotation rate of 
6 rpm, 0.50 probability of detection, 10“'^ probability of false alarm, Swerling Case 1 target with 
1 m^ radar cross section, sea state 3, and antenna height of 75 ft. This radar operates in the band 
from 850 to 942 /vAHz, with an antenna gain of 29 dB and an average transmitter power of 
1 3 kW. (Courtesy of Vilhem Gregers-Hansen and the Raytheon Co.) 
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is 20,000 ft. Thus the quoted range of a radar might be much greater than the actual range 
at which an aircraft is first detected when flying at its more usual altitudes. If low- 
altitude performance at long range is important, the radar should be located on high ground 
so that its first lobe will be lowered in angle. 

Another example of radar coverage, shown in Fig. 8.6b, is that of a long-range ship¬ 
board air-surveillance radar known as the AN/SPS-49. 

Methods for Minimizing Lobing Effects In many instances, the added range produced by 
the multipath lobing is a desirable attribute in spite of the nulls which can cause loss of 
targets. In other cases, lobing might not be desired. This can be true for automatic track¬ 
ing radars or when the target undertakes maneuvers that require the radar to obtain in¬ 
formation at a high data rate. One method to reduce the effects of lobing is to tilt the an¬ 
tenna beam upward so that the radiated energy illuminating the surface is reduced. Thus 
it is customary in many air-surveillance radars to tilt the beam so that its lower half-power 
point lies on the horizon. 

We have seen that the location of multipath nulls depends on the frequency and the 
antenna height. By changing the height of the antenna (switching the radar between an¬ 
tennas at different heights) or by changing the radar frequency, the nulls can be filled-in 
when the radar data from the two or more antennas at different heights are combined. The 
utility of height diversity is limited by the need for antennas at different heights and by 
the difficulty in obtaining more than two different heights. Frequency diversity has been 
demonstrated to effectively fill in the nulls and allow continuous tracking of the target. “ 
This capability, however, requires a wide frequency band. A wide frequency range is highly 
desired in many applications since it has other advantages than just filling in the nulls. 

A radar with polarization diversity utilizes two orthogonal polarizations, such as hor¬ 
izontal and vertical. It could, in principle, provide some filling in of the nulls, but it has 
seldom been used. The nature of the Brewster’s angle seems to limit its utility. 

A fence surrounding the radar antenna can prevent radiated energy from illuminating 
the ground and can thus reduce lobing. This has seldom been employed since a fence can 
be large and expensive, diffraction from the edge of the fence limits the amount of at¬ 
tenuation of ground clutter that can be achieved, and there can be a loss of detection of 
desired low altitude targets. 

The land-based military air-surveillance radars used in World War II did not employ 
doppler processing for separating the unwanted clutter from the doppler-shifted echoes 
from moving targets. For this reason, when conditions allowed, the radars were sited where 
there might be natural shielding to attenuate the energy radiated in the direction of the 
surface. Modem military radars, however, have to see targets at low altitude and would 
not benefit from this technique. 

Not much can be done to enhance the signals from targets that lie below the first lobe. 
This is why surface-based radars that might have large free-space ranges have signifi¬ 
cantly reduced detection ranges against targets low on the horizon. 

The lobing effect was put to good use in World War II for obtaining the height of an 
aircraft by using VHF radars that were capable of measuring only azimuth angle and not 
elevation angle. The range of first detection seen by the lowest lobe was used as an indi¬ 
cation of target height. This required good calibration of the radar’s sensitivity, and 
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calibration flights with known aircraft to verify the relation between aircraft height and 
range of first detection. It also required the enemy to cooperate by not introducing new 
aircraft whose echo signals might be of quite different strength than those on which the 
radar was calibrated. In spite of its limitations, this method of height finding did what was 
required at the time. 


8.4 ATMOSPHERIC REFRACTION—STANDARD PROPAGATION 

Radar waves travel in straight lines in free space. Propagation in the earth’s atmosphere 
however, is not in free space. The atmosphere is not uniform; hence, it causes electro¬ 
magnetic waves to be bent, or refracted. Normally the effect of bending caused by at¬ 
mospheric refraction is favorable, in that it causes the radar horizon to be extended and 
increases the coverage of a radar beyond the geometrical horizon. Fig. 8.7a. On the other 
hand, the bending of the rays by the atmosphere can introduce an error in the measure¬ 
ment of the elevation angle. Fig. 8.7b. 


Relractivity Refraction of radar waves in the atmosphere is due to the variation of the 
velocity of propagation with altitude. The index of refraction is a measure of the velocity 
of propagation and is defined as the velocity in free space divided by the velocity in the 
medium in question, the atmosphere in this case. (The index of refraction is the square 
root of the dielectric constant, a parameter that might be more familiar to the electrical 
engineer.) The difference in velocity of propagation in the atmosphere compared to that 


Figure 8.7 (a) Extension of 

the radar horizon due to 
refraction of radar rays by the 
atmosphere; (b) angular error 
caused by atmospheric 
refraction. 



(b) 


8.4 Atmospheric Refraction—Standard Propagation 495 


in free space is very small. According to the International Telecommunications Union, the 
average value of the surface index of refraction at mid-latitudes is 1.000315.^^ (Hitney,'^ 
on the other hand, gives 1.000350 as a typical value for the index of refraction at the 
earth’s surface.) Rather than use the index of refraction, n, it is more convenient to use a 
modified parameter called the refractivity, N, which is defined as N = (n - 1)10®. Thus 
an index of refraction n = 1.000315 corresponds to a refractivity N = 315. 

At microwave frequencies, the refractivity N for air is given by the empirical rela- 
tioni^'i® 


where 


N=(n 


1 ) • 10 ® = 



4810g 

T 


[8.15] 


p = barometric pressure, mbar (1 mm Hg = 1.3332 mbar) 
e = partial pressure of water vapor, mbar 
T = absolute temperature, K 

Atmospheric refractivity depends on the pressure, temperature, and water vapor. Of these, 
water vapor is the most important at microwave frequencies. It strongly affects the speed 
of microwave propagation. Temperature variations are more significant than pressure vari¬ 
ations. (It might be mentioned that although refractivity is generally not a function of fre¬ 
quency within the microwave region, atmospheric refraction at optical frequencies differs 
from that at microwave frequencies since it is more dependent on temperature than on 
water vapor.) 

Since the barometric pressure p and the water-vapor content e decrease rapidly with 
height above the earth’s surface, while the temperature decreases slowly, the refractivity 
normally decreases with increasing altitude. The decrease of N means that the velocity of 
propagation increases with altitude, causing the radar rays to bend downward. (Refrac¬ 
tion of radar waves in the atmosphere is analogous to bending of light rays by an optical 
prism.) The result is an increase in the radar coverage, as was illustrated in Fig. 8.7a. The 
magnitude of the atmospheric refractivity at some particular altitude is not as important 
in determining the effect of refraction on propagation as is the small change of refractiv¬ 
ity with height; that is, it is the gradient of refractivity that causes the rays to bend. 

The major changes in atmospheric refractivity occur in the vertical dimension. There 
may be changes in the horizontal dimension as well; but these are generally small (espe¬ 
cially over water) so that radar propagation can be considered independent of the azimuth 
direction, unless the radar ranges are very large. The path of radar waves in the atmos¬ 
phere may be plotted using ray-tracing‘® techniques, provided the variation of refractiv¬ 
ity with altitude is known. 


Effective Earth's Radius A simple method to account for the effects of atmospheric re¬ 
fraction is to assume that the gradient of the index of refraction is constant with height, at 
least over the lower part of the atmosphere. This assumption allows the actual earth of ra¬ 
dius a(a = 3440 nmi) and its nonuniform atmosphere to be replaced with an earth having 
a different radius (ka) and a uniform atmosphere in which radar waves propagate in straight 





496 CHAPTER 8 • Propagation of Radar Waves 


Figure 8.8 (a) Bending of 

the antenna beam due to 
refraction by the earth's 
atmosphere; (b) shape of the 
beam in the equivalent-earth 
representation with radius ka. 


Radius a 


1 

T 



(b) 


lines rather than along curved paths. Fig. 8.8. The factor k depends on the refractivity gra¬ 
dient at the surface. From Snell’s law in spherical geometry, the value of k by which the 
earth’s radius must be multiplied in order to plot the propagation paths as straight lines is 


1 + a{dn/dh) 

where dn/dh is the rate of change of the refractive index with height. The vertical gradi¬ 
ent of the refractive index is normally negative. The gradient of refractivity usually can 
vary from -79 to 0 units per km of height.'^’*^ The long-term average value of the gra¬ 
dient of N over the United States is approximately -39 ATkm. When N is converted to n 
and substituted into the above equation, we get ^ = 4/3. The use of the k = 4/3 effective 
earth’s radius to account for normal atmospheric refraction is convenient and widely used. 
It is only an approximation, however, and might not yield correct results when precise 
predictions are required. The term standard refraction is sometimes used to signify a value 
of = 4/3 with the index of refraction decreasing uniformly with altitude with a gradi¬ 
ent of dn/dh = —39 X 10 ^/m. 

The 4/3rd earth radius represents an average and should not be used where precision 
is important. The correct value of k depends on meteorological conditions and can be 
found by measurement. Bean*^’^* states that the average value of k measured at an alti¬ 
tude of 1 km varies from 1.25 to 1.45 over the continental United States during the month 
of February and from 1.25 to 1.90 during August. In general, higher values of k occur in 
the southern part of the country. 


Distance to the Horizon The distance d to the horizon from a radar antenna at a height 
h may be shown from simple geometrical considerations to be 

d=V2l^ [8.17a] 

where ka is the effective earth’s radius and the height h above the surface is assumed to 
be small compared to the real earth’s radius a. For a four-thirds earth, this relationship 
becomes 

d (nautical miles) = 1.23\/ h{ft) [8.17b] 


or. 


d (km) = 4.12’\//i(m) 


[8.17c] 




Height (feet) 
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Equation (8.17) is often used as a measure of the line-of-sight coverage of a radar. This 
can lead to optimistic results since the propagation loss at the range d given by Eq. (8.17) 
can be quite high, as mentioned later in the discussion of diffraction in Sec. 8.6. The ac¬ 
tual coverage of a radar can be less than given by the above simple geometric relation be¬ 
cause of the large diffraction losses at the horizon. In spite of this, Eq. (8.17) has been 
widely used. It should be replaced, however, by diffraction calculations when it is im¬ 
portant to know the maximum range at which a radar can detect low altitude targets. 

Exponential Model of Refractivity A limitation in the use of the effective earth’s radius 
model is that the gradient of refractive index dnidh is not linear with altitude, but is bet¬ 
ter approximated by an exponential model, especially in the troposphere above an altitude 
of 1 km. The exponential decrease of refractivity with height has been given as 

TV = As exp ([8.18] 

where 

As = refractivity at the surface of the earth 
h = height above sea level in km 
= scale height in km 



Range (nautical miles) 

Figure 8.9 Radar range-angle-height diagram used to plot antenna coverage, based on the exponential model of 
refraction with N 5 = 313. 

I (From Lamont Blake, Radar Hondbook.^^] 
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Figure 8.10 Radar 
range-height-angle 
diagram when the 
antenna is at an altitude 
of 30,000 ft and a U.S. 
Standard Atmosphere at 
45° N latitutde in spring 
or fall. Due to W. G. 
Tank.2' 

(Reprinted with permission 
of Artech House, Inc., 
Norwood, MA. 

WWW. artechbouse.com.) 
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At mid-latitudes, the average value of has been said to be 315 and the average value 
of Hs as 7.35 km.^® Other values have been proposed, however. 

An example of a range-height-angle chart (due to Lamont Blake) used to plot antenna 
coverage patterns based on the exponential refractivity model of Eq. (8.18) is shown in 
Fig. 8.9.^° The surface refractivity is = 313, and the scale height Hs = 6.95 km. In 
charts such as this, it is customary to plot height in feet and range in nautical miles. 

Range-height-angle charts are often based on an antenna at ground level. When the 
radar antenna is elevated, as when on a tall mountain or when performing as an Airborne 
Early Warning (AEW) radar, these charts have to be modified. Figure 8.10 is an example 
due to W. G. Tank^' for a radar at an altitude of 30,000 ft and a U.S. Standard Atmos¬ 
phere. This can be thought of as a nomogram for determining the angle of arrival by first 
selecting the radar altitude (30 kft in this example), and then laying a straight edge from 
the radar location to the target point. The angle of arrival is read on the angle scales around 
the edges of the figure. A slightly different approach for plotting the range-height-angle 
charts when the antenna is not at ground level was suggested by Bauer,based on the 
CRPL exponential atmosphere. 

Standard Atmosphere A U.S. Standard Atmosphere is a hypothetical vertical distribu¬ 
tion of atmospheric temperature, pressure, and density which by international agreement 
and for historical reasons, is roughly representative of year-round mid-latitude (45 °N) con¬ 
ditions.At microwave frequencies, a model of the moisture as a function of altitude 
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must be added, which results in a refractivity iV = 316 exp (-Z/26.5), for Z < 25, where 
Z = altitude in thousands of feet. 

Radar Measurement Errors Due to Refraction As was illustrated in Fig. 8.7b, refraction 
causes the radar rays to bend and results in an apparent target height that is different from 
the true height. An example of the angular error as a function of height and elevation an¬ 
gle as calculated by Shannon^^ is shown in Fig. 8.11. He assumed = 313 and = 
7 km. At an altitude of 40 kft and an elevation angle of 3° the angle error is 2.67 mrad 
(17.45 mrad equals 1°). 

When precision measurements are required, corrections should be made to the radar 
data to obtain accurate elevation angle, target height and range.^® Surface observations of¬ 
ten are sufficient for ascertaining the effects of refraction, but there can be cases when 
the variation of refractivity with height is not simple (as in the case of ducting discussed 
in the next section). In these cases, the variation of refractivity with height has to be mea¬ 
sured and ray-tracing methods used to determine the measurement errors. 

Even without ducting or other nonlinear refractivity profiles, errors can be signifi¬ 
cant. A comparison of heights obtained with the 4/3rd earth-radius model and the expo¬ 
nential model can be found in Brown^’ (and repeated in Murrow^*). For example, at a 
range of 100 nmi with = 315, the exponential model predicts a height 200 ft greater 
than the 4/3rd earth-radius model, when the elevation angle is 0.5°. It results in a 500 ft 
greater height compared to the 4/3rd earth model when the elevation angle is 2.0°. At the 
same range of 100 nmi and an elevation angle of 2.0°, the exponential model gives a 


Figure 8.11 Calculated 
angle error (abscissa) due to 
atmospheric refraction for a 
standard atmosphere as a 
function of elevation angle and 
target height (ordinate.) 

I (After Shannon. 
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height error of 2.32 kft when = 370 and an error of 1.38 kft when = 280. The need 
for highly accurate knowledge of atmospheric refractivity limits the accuracy with which 
target height can be determined. This is the reason radar has not been used in the past 
when precision height measurements are needed. 

In measurements to determine how well one can predict the effect of refraction, the 
accuracy of an AN/FPS-16 tracking radar was checked against photo theodolites at the 
U. S. Army Electronic Proving Ground, Fort Huachuca, Arizona.The AN/FPS-16 is a 
highly precise tracker with rms mechanical and electronic measurement errors of ±o.l 
mrad for azimuth and elevation angles and ±15 ft for range. At 40 nmi, the three- 
dimensional rms precision of this radar is ±33 ft. Location measurements were made on 
aircraft at a range of 40 nmi and elevation angles from 0.7 to 2.8°. It was found that at 
an elevation angle of 2.5°, the rms elevation error was equal to the inherent ±0.1 mrad 
precision of the radar. Above 2.5°, the predicted elevation errors were smaller than the in¬ 
herent precision. Below 2.5°, the angle errors due to refraction were larger than the in¬ 
herent radar precision. 

There is also an additional time delay in propagating within the atmosphere that leads 
to an error in range. Shannon calculated this for the same conditions as for the angle er¬ 
ror in Fig. 8.11. At 40 kft and an elevation angle of 3°, the range error is 97.5 ft. Shan¬ 
non’s plot can be found reproduced in Nathanson.^° 

A correction for the range error due to refraction, suggested by G. Robertshaw,^' is 
given by the expression 

/ M \l/2 

R, s 0.42 ± 0.0577 y 18.19] 

where '' 

= range correction, m 
Rt = radar range, km 
Ns = surface refractivity in A/-units 
h = radar altitude in kft 

This expression was derived from ray-trace computations performed for radar altitudes of 
15 kft, 35 kft, and 65 kft, based on a total of three months of measured atmospheric data 
over a period of three years at two sites in Germany, one in Saudi Arabia, and one in 
South Korea. It was said to have “the advantage of great simplicity with a tolerable loss 
of accuracy” and that “it will provide adequate range correction for airborne radar.” 

Measurement of Refractivity There are two basic methods for determining the refractiv¬ 
ity profile of the atmosphere: one is the radiosonde, or equivalent, and the other is the re- 
fractometer. 

Radiosonde The atmospheric refractivity profile may be obtained indirectly by the 
use of the empirical relationship given by Eq. (8.15) which equates refractivity with 
the properties of the atmosphere. The three measurements of water vapor pressure 
(humidity), atmospheric pressure, and temperature can be obtained with conventional 
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weather-observation instruments launched into the atmosphere on a balloon. Such an in¬ 
strument is called a radiosonde. Radiosonde measurements are routinely obtained daily 
throughout the world. The accuracy of radiosonde weather measurements, however, is 
generally not as good as might be desired for radar propagation predictions. Furthermore, 
the temperature, pressure, and humidity are sampled sequentially rather than simultane¬ 
ously, and the sampling interval for each measurement is approximately 100 m in alti¬ 
tude. This may be satisfactory for weather observations, but it can sometimes cause the 
radiosonde to miss the sharp changes in refractivity that are characteristic of the strong, 
but shallow atmospheric layers that give rise to nonstandard propagation conditions. 

Helicopter Probes^^ In addition to having less than desired resolution in altitude, the 
conventional balloon-borne radiosonde makes one vertical pass and obtains only one ver¬ 
tical profile. The wind can cause it to move over a considerable horizontal distance dur¬ 
ing its flight and its measurements might not be representative of a true vertical profde. 
Furthermore, the measurements produced by conventional radiosondes launched from 
ships at sea might be contaminated by the microclimate created by the ship. A better 
method to probe the lower atmosphere where nonstandard propagation is prevalent is to 
mount instruments on a helicopter which can simultaneously provide the water vapor, 
pressure, and temperature as a function of range as well as altitude. A helicopter equipped 
by the Johns Hopkins University Applied Physics Laboratory (APL) employed more pre¬ 
cise meteorological sensors than are normally found with weather radiosondes to obtain 
in almost real time the atmospheric refractivity. All three meteorological measurements 
were made at a data rate of 0.5 s. The altitude could be determined with a resolution of 
0.3 m from 0 to 1000 m. These measurements were fed to a computer that calculated and 
displayed a continuously updated plot of modified refractivity versus altitude. The heli¬ 
copter traveled with an airspeed greater than 30 m/s. Soundings were made with the he¬ 
licopter ascending or descending at a rate of 1.5 to 3 m/s. 

Small Rocket Probes^^ The meteorological measurements needed to determine refrac¬ 
tivity profiles can be obtained with a simple, low-cost expendable rocket. It can be used 
when it is not practical or convenient to use a helicopter. Such a rocketsonde developed 
and employed by APL carried an instrument package weighing 453 g to an altitude of 
150 to 800 m, where it deployed the instruments using a 1 m diameter parachute. Mea¬ 
surements can be made with a vertical resolution of 2 m, which are then telemetered back. 

Refractometer An alternative to using meteorological measurements to indirectly de¬ 
rive the atmospheric refractivity is to use the more accurate and more responsive mi¬ 
crowave refractometer. This instrument directly measures the index of refraction (or its 
square, the dielectric constant) by comparing the resonant frequencies of two identical mi¬ 
crowave cavities. The resonant frequency of a cavity depends on its dimensions and its 
contents. One cavity is vented so as to sample the atmosphere; the other is hermetically 
sealed and acts as the reference. The cavities are fed by the same microwave source that 
is swept in frequency. The difference between the resonant frequencies of the sampled 
and reference cavities is a measure of the index of refraction. The microwave refractometer 
has much greater accuracy than the indirect measurement based on Eq. (8.15). It can 
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measure changes in refractivity of less than 0.1 iV unit; and when used to determine vari¬ 
ations about an undetermined mean, it can have a time constant that allows detection rates 
of up to 100 Hz.^^ Although the refractometer may provide excellent refractivity mea¬ 
surements, it might not be suitable for all applications since it requires an aircraft or he¬ 
licopter. It is usually too costly to be expendable, as is a radiosonde or a rocketsonde. 


8.5 NONSTANDARD PROPAGATION 

The previous section described the effect on radar propagation of standard, or normal, re¬ 
fractive conditions. Refractive effects, however, can be much more complex than described 
by the standard exponential model, and can cause significant changes in radar propaga¬ 
tion. Such conditions are known as anomalous, or nonstandard, propagation. As a rough 
generalization, when nonstandard propagation conditions occur, the maximum ranges of 
a surface radar for detecting low-altitude or surface targets might be extended from two 
to five times what would be expected with a uniform atmosphere. 

Normal refraction occurs when the refractive gradient with height, dN/dh, is between 
0 and -19 N units per km of height. (Note that we have said previously that the long¬ 
term mean gradient over the continental United States is about —39 AVkm.) When the gra¬ 
dient equals -157 A/km, the effective earth’s radius as given by Eq. (8.16) becomes in¬ 
finite. Rays that are initially horizontal will then follow the curvature of the earth. Under 
such conditions, the radar range is significantly increased and detection beyond the radar 
horizon can result. Refractive gradients between —79 and —157 A/km result in what is 
called superrefraction. When the gradients exceed -157 A/km, the curvature of the prop¬ 
agating ray exceeds the curvature of the earth and ducts can form that trap the radar en¬ 
ergy. The trapped energy within the duct can propagate to ranges well beyond the normal 
horizon. 

If the refractive gradient were to increase with height, instead of the more usual de¬ 
crease, the propagating rays would curve upward and the radar range would decrease as 
compared to normal conditions. This is called subrefraction. Its occurrence is rare; but 
when it does occur, its effect can be serious. It has been suspected of causing ship acci¬ 
dents when using marine radar. The term nonstandard propagation, or anomalous propa¬ 
gation, applies to any of the above propagation conditions other than normal. Table 8.1 
summarizes these refractive conditions. 

There are three general classes of ducts that will be briefly described. These are evap¬ 
oration ducts, which occur at the surface of the sea; surface-based ducts; and elevated 
ducts. The later two can occur over land as well as water. To propagate energy within the 
duct, the angle the ray makes with the duct should be small, usually less than about one- 
half degree. Therefore, only those rays launched nearly parallel to the duct are trapped. 

Evaporation Ducts In a maritime environment, standard refractive conditions seldom ap¬ 
pear, so that nonstandard conditions of some form are often present.^^ The most common 
type of anomalous propagation over the ocean and other large bodies of water is the evap¬ 
oration duct. It is found at the surface, and is a relatively common occurrence. The air in 
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Table 8.1 Summary of Refractive Propagation Conditions 


Refractive Condition 

Subrefraction 
No refraction 

(uniform atmosphere) 
Standard refraction 
(4/3rd earth radius) 
Normal refraction 
Superrefraction 
Trapping, or ducting 


Gradient: N units per km 

Positive gradient 

0 

-39 

0 to -79 
-79 to -157 
-157 to —00 


contact with the sea surface is usually saturated with water vapor so that its relative hu¬ 
midity is almost 100 percent. The air several meters above the sea surface is not usually 
saturated so there will be a decrease in humidity from the surface value to the ambient 
value determined by the general meteorological conditions well above the surface. The 
rapid decrease of water vapor causes a rapid decrease of refractivity that results in the for¬ 
mation of a low-lying duct that traps the radar energy so that it propagates close to the 
sea surface. Ducting can cause the radar ranges for targets at or near the sea surface to be 
considerably greater than the free-space range. 

Duct Height The “height” used to characterize an evaporation duct is not the height 
below which an antenna must be located in order to obtain extended propagation. It is 
more a measure of the strength of the duct. Evaporation duct heights, which typically 
might have values from 6 to 30 m, vary with the geographic location, season, time of day, 
and wind speed. Of the factors that can affect the strength of a duct, the wind speed seems 
to be of special importance. In one set of experimental observations conducted in the At¬ 
lantic trade wind region off the east coast of Antigua with X- and 5'-band radars, it was 
said that the wind was the only meteorological factor that was correlated with the rate of 
attenuation in the duct.^*’ Wind speeds from 8 to 15 kt produced a moderately strong duct 
of low height. Winds from 20 to 30 kt produced a greater duct height, but in this case the 
duct was weaker according to the meteorological predictions. The attenuation in the duct, 
however, decreased with increasing wind. Passing squalls and rain showers did not affect 
the duct or decrease the propagated signal strength. The duct heights varied from 20 to 
50 ft and were found to exist all the time during these experiments. 

Evaporation duct heights cannot be readily determined by standard radiosondes or re- 
fractometers. They can be inferred, however, from theoretical models based on meteoro¬ 
logical measurements. One such model due to H. Jeske^^’^* and modified by Paulus^® uti¬ 
lizes the sea-surface temperature, air temperature, relative humidity, and wind speed—the 
last three being obtained at some reference altitude (often taken to be 6 m).^*’‘*° Table 8.2 
gives the calculated average duct height, for various areas of the world, based on this for¬ 
mulation using meteorological measurements from a 15-year subset of data from the Na¬ 
tional Climatic Data Center."^’ The histograms for evaporation-duct heights for three of 
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the areas in Table 8.2, plus the worldwide average are shown in Fig. 8.12. (These were 
originally given in Ref. 41 in 2-m increments of height, but here a smooth curve was 
drawn.) 

The predicted evaporation-duct height using the Jeske-Paulus model does not always 
agree with actual observations of radar propagation. This might be due, in part, to the dif¬ 
ficulty in making the relevant meteorological observations at sea with sufficient accuracy 
Also, the theory and the accompanying simplifying assumptions on which the predictions 
are based might not be applicable under all conditions, especially when large duct heights 
are predicted. The nature of an evaporation duct can be more complex and varying than 
are accounted for in a simple model. 

An improved method of determining the evaporation duct height has been proposed 
by Babin, Young, and Carton, which they call Model Af'^ They take advantage of the avail¬ 
ability of high-speed desktop computers, not available when the Jeske-Paulus model was 
first formulated, to eliminate some of the assumptions that were originally made, incor¬ 
porate more atmospheric boundary-layer physics, and decrease the use of empirical rela¬ 
tionships. This model not only provides a more accurate duct height, but it also gives the 
standard deviation of duct heights based on the accuracy of the sensors used to obtain the 
atmospheric data. 

Frequency Dependence The thicker the duct, the lower the frequency that can be prop¬ 
agated; but there is a limit. The lower frequency limit for propagation within an evapora¬ 
tion duct is said to be about 3 GHz.*^ An approximate model for propagation in an evap¬ 
oration duct is that of a waveguide with the sea as the bottom wall and a leaky top wall. 
Thus there is a low-frequency cutoff for propagation in this type of leaky waveguide. 

According to Hitney,*^ a rough guide to the lowest frequency that can be trapped by 
a duct of a given height is as follows: 3 GHz requires a duct height of at least 25 m; 
7 GHz, 14 m; 10 GHz, 10 m; and 18 GHz, 6 m. As the frequency increases, however, the 
propagation loss increases due to attenuation caused by the high concentration of water 


Table 8.2 Calculated average height of the evaporation duct"*' 


Area Average Duct Height, m 


North Atlantic 

5.3 

Canadian Atlantic 

5.8 

East Atlantic 

7.4 

North Pacific 

7.8 

Mediterranean 

11.8 

West Atlantic 

14.1 

Persian Gulf 

14.7 

Indian Ocean 

15.9 

Tropics 

15.9 

World Average 

13.1 



8.5 Nonstandard Propagation 505 


1.12 

; of the statistics 

pration-duct 

three areas of 
j and the 
Ide average, as 
Hitney et ah'* 
ere calculated 
historical 
Imeteoroiogical 
^ents. 



North Atlantic 


_L 


_L 


10 20 30 

Duct height - m 


40 



Duct height - m 



vapor within the duct as well as the attenuation due to a rough sea surface. For this rea¬ 
son Hitney suggests that the optimum frequency for duct propagation is around 18 GHz. 
Significant ducting has been observed, however, at frequencies as high as 94 GHz. Ex¬ 
periments at 94 GHz conducted over a 40.6 km over-the-horizon path along the Southern 
California coast found that the median loss with ducted propagation was 60 dB less than 
the loss that would have been obtained if there were no ducting (as with a standard 
atmosphere). 

Multiple-Mode Propagation If the duct height is large enough, more than one mode 
can be propagated. (A mode is a configuration of electric and magnetic field distribution, 
similar to the modes of propagation in a conventional waveguide.) Multiple propagation 
modes have two consequences: (1) the signal strength will not vary uniformly through¬ 
out the duct and (2) there can be more than one antenna height suitable for low-loss prop¬ 
agation. In normal propagation within a uniform or a standard atmosphere, the propaga¬ 
tion loss decreases with increasing antenna height. The higher the antenna the better. On 
the other hand, with a single mode of propagation in an evaporation duct, the loss will 
increase with height within the duct. Propagation is better with a low-sited antenna. With 
a duct height that supports multiple modes of propagation, there can be more than one 
choice of antenna height that provides low-loss propagation. In one particular Z-band ex¬ 
periment, the minimum attenuation occurred with an antenna height of 2 m.^® Increasing 
the antenna height increased the loss until a maximum loss was found at about 10 m. Fur¬ 
ther increases of height decreased the attenuation again until a secondary minimum was 
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obtained at 20 m height, after which the attenuation increased (at least to a height of 
30 m). On a ship, because of the pounding of the waves, it might not be practical to site 
a radar antenna 2 m over the sea if it were desired to obtain the benefits of ducted prop, 
agation. Instead, in this particular case, the antenna could be located at 20 m height, with 
a slightly greater loss being the price to be paid for the more convenient antenna location 
These values apply to a particular location at a particular time. On most ships one prob¬ 
ably would not want to have a variable antenna height to maximize propagation in the 
duct. What this example illustrates is that a fixed high-sited antenna might be a suitable 
compromise, rather than try to place an antenna in the duct at a low height where it can 
be subjected to destruction by the force of the waves. 

Theoretical models of ducted propagation confirm the general nature of the above ex¬ 
perimental observations.^ Each mode of propagation of a guided wave has a particular 
configuration of electric field strength. When multiple modes are present, the fields of 
each mode can interfere constructively or destructively with the others. Consequently, the 
field strength along the duct or across the duct might not be uniform, which can lead to 
variations in the radar echo signal strength. When multiple modes of propagation are pre¬ 
sent in the duct, theory predicts considerable variation of the signal strength, called/ade^, 
because of the interference among the several modes. Fades can be of the order of 20 dB. 
In one example, it was shown that fading was strongly dependent on the height of the 
radar and the target, and for centimeter wavelengths the fading occurred at intervals of 
from two to three miles. Because of the strong dependence with height, the negative ef¬ 
fect of holes in the coverage might be reduced by having more than one antenna, each at 
a different height, to provide height diversity. Frequency diversity might also reduce the 
effects of the holes in the coverage, if the frequencies are widely separated. 

Ducting Within or Near the Horizon Most of the above has been concerned with prop¬ 
agation in a duct beyond the normal horizon. Within the horizon, the refractive effects of 
the duct can lead to a modification of the normal lobing pattern caused by the interfer¬ 
ence of the direct and surface-reflected rays discussed in Sec. 8.2.^*® The relative phase 
between the direct and surface-reflected rays can be different in the presence of the duct, 
and focusing'^® can change the relative amplitudes of the two components. Focusing by 
the atmosphere might even cause the amplitude of the surface-reflected ray to sometimes 
exceed that of the direct ray. The effect of the duct on line-of-sight propagation is to re¬ 
duce the angle of the lowest lobe, bringing it closer to the horizon. 

Although the evaporation duct provides a significant increase in signal strength for 
ranges well beyond the horizon, compared to what would be received if there were no 
ducting, it results in reduced signal strength at or near the horizon. This is illustrated in 
Fig. 8.13 which shows the propagation loss as a function of range for an Z-band radar 
(where propagation loss is defined here as the ratio of transmitted to received powei as¬ 
suming that the antenna pattern is normalized to unity gain).'^^ The presence of a duct in¬ 
creases the signal at the longer range compared to no duct, but it decreases the signal at 
the first lobe (about 10 dB for the 16 m duct) and it shifts the first null to longer range 
than when no duct is present. This confirms what was said in the previous paragraph about 
the evaporation duct lowering the lowest lobe. 
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pigure 8.13 Propagation loss 
between radar and target as a 
function of range for an X-band 
radar located 23.5 m above the 
5 ea with a point target 4.9 m 
above the sea. The radar has a 
free-space range of 7.5 km. The 
dashed horizontal line represents 
the detection threshold for this 
radar. The "0 m duct" corresponds 
to a standard atmosphere. 

I (From Anderson/^ Copyright 1995 

I IEEE.) 
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Surface-Based Ducts^®’"*® A surface-based duct is one whose base is at the earth’s sur¬ 
face. There are three types of such ducts depending on the relationship of the trapping 
layer to the earth’s surface. One example is the evaporation duct discussed in the above. 
The evaporation duct, however, is usually considered separately (as was done here) be¬ 
cause of its unique characteristics and because it is a nearly permanent worldwide fea¬ 
ture.^® The second is a surface duct created from an elevated trapping layer, and the third 
is a surface duct created from a surface-based trapping layer. In this subsection, only the 
latter two will be considered, since the first has been discussed. 

Surface-based ducts are formed when the upper air is exceptionally warm and dry 
compared with the air at the surface. There are several meteorological conditions that may 
lead to their formation. Over land, a surface-based duct can be caused by the radiation of 
heat from the earth on clear nights, especially in the summer when the ground is moist. 
The earth loses heat and its surface temperature falls, but there is little or no change in 
the temperature of the upper atmosphere.^® This leads to a temperature inversion at the 
ground and a sharp decrease in moisture with height. Thus over land, ducting is most no¬ 
ticeable at night and usually disappears during the warmest part of the day. 

Another cause of surface-based ducts is the movement (advection) of warm dry air, 
from land, over cooler bodies of water. Examples of such advections are the Santa Ana 
wind of Southern California, the sirocco of southern Mediterranean, and the shamal of 
the Persian Gulf.^* Warm dry air that is blown out over the cooler sea is cooled at its low¬ 
est layers to produce a temperature inversion. At the same time, moisture from the sea is 
added to produce a moisture gradient, and a surface-based duct can be formed. This type 
of ducting tends to be on the leeward side of land masses, it occurs either during the day 
or night (but more likely to occur in the late afternoon or evening when the warm after¬ 
noon air drifts out over the sea), it might extend out over the ocean for several hundreds 
of kilometers, and it can last for long periods of time (several days). 

The height of surface-based ducts generally does not exceed a few hundred meters. 
Propagation within a surface-based duct is relatively insensitive to frequency, and long- 
range propagation can occur at frequencies exceeding 100 MHz. Ducted propagation has 
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even been reported for frequencies down to 20 MHz.^' Most of the reports of unusual 
long-range radar detection are due to this form of duct. A classic example is the often 
cited detection in the Indian Ocean during World War II by a 200 MHz radar located at 
Bombay, India. This radar, located 225 ft above sea level, frequently detected echoes from 
points in Arabia at ranges from 1000 to 1500 miles during the hot season. It was quite 
common to plot ships out to ranges of 200 miles, and cases were reported to 700 miles 
By contrast, during the monsoon season when propagation conditions were more normal 
the radar was able to plot ships out to a range of only about 20 miles. 

An example of the effects of surface-based ducts is shown in Fig. 8.14. This is a plot 
of the two-way propagation factor (ordinate) seen in the vertical plane at a range of 
50 nmi. The abscissa is the height above sea level. The radar frequency is 900 MHz and 
antenna height is 85 ft. The dashed curve represents the calculated propagation factor for 
a standard atmosphere. (According to Eq. (8.10) the peak of the lowest lobe due to mul¬ 
tipath is predicted to be at 0.18°, and the peak of the second lobe is at 0.55°.) The solid 
curve was calculated for a nonstandard atmosphere whose refractivity profile was mea¬ 
sured in the Persian Gulf at local noon on a day in August. The duct height was of the 
order of 700 to 800 ft. The signal strength below the duct height is considerably increased 
compared to the no-ducting standard-atmosphere situation. The increase in energy at the 
lower altitudes is accompanied by a decrease in energy in the lowest lobe below about 
0.5°. The maximum of the two-way radar signal in the lowest lobe is seen to decrease by 
about 10 dB with ducting present.^^ 

Surface-based ducts may also be formed by the diverging downdraft of air under a 
thunderstorm.^® The relatively cool air which spreads out from the base of a thunderstorm 
results in a temperature inversion in the lowest few thousand feet. The moisture gradient 
is also appropriate for the formation of a duct. Although duct formation by a thunderstorm 
might not be as frequent as other ducting mechanisms, it may be used as a means of de¬ 
tecting the presence of a storm. An operator carefully observing a radar display can de¬ 
tect the storm by the sudden increase in the number and range of ground echoes. The con¬ 
ditions appropriate for the formation of a thunderstorm duct might have a duration of from 
one-half hour to a few hours. 


Figure 8.14 The solid curve is the two- 
way propagation factor as a function of 
height above sea level (ASL) for a surface- 
based duct taken in the Middle East at a 
range of 50 nmi measured at local noon 
on a day in August. The dashed curve 
represents the propagation factor calculated 
for a standard atmosphere. 

I (Courtesy of John Walters and Vilhelm Gregers- 
I Hansen, NRL Radar Division.) 
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Elevated Ducts^® The base of an elevated duet lies above the surface of the earth. Ele¬ 
vated ducts can occur in the tradewind regions between the mid-ocean high-pressure cells 
and the equator. Semipermanent high-pressure areas are centered at approximately 
30° north and 30° south latitudes over the ocean. The region between these high-pressure 
areas and the equator are called the tradewinds. Two such tradewind areas that have been 
studied lie between Brazil and the Ascension Islands^^ and between Southern California 
and Hawaii.^"* Within the high-pressure regions, there is a slow-sinking of high-altitude 
air (called large-scale subsidence) which meets low-level maritime air (marine boundary 
layer) flowing toward the equator. The general sinking of air from high altitudes causes 
compression which results in adiabatic heating and a decrease in moisture content. This 
leads to warmer, drier air lying above cooler, moist air to produce a temperature inver¬ 
sion (an increase in temperature that causes a decrease in refractivity with height). The 
result is a strong duct along the interface of the temperature inversion along the top of the 
marine boundary layer. 

In some cases, a stratus cloud layer will form at the base of the temperature inver¬ 
sion, and the duct altitude can be identified by the height of the cloud tops that are sup¬ 
pressed by the temperature inversion.^^ When the temperature inversion occurs below the 
altitude at which clouds are formed, a haze layer in the air below, the temperature inver¬ 
sion can be observed. 

The altitude of the tradewind duct varies from hundreds of meters at the eastern part 
of the tropical oceans to thousands of meters at the western end. Thus, the height rises 
gradually in going from east to west. Over the coast of Southern California, elevated ducts 
were found to occur an average of 40 percent of the time and have an average maximum 
elevation of about 600 m. On the western side of the Pacific Ocean along the coast of 
Japan, elevated ducts are said to occur 10 percent of the time and have an average max¬ 
imum height of 1500 m.^* The thickness of elevated ducts can range from near zero to 
several hundred meters. Frequencies as low as 100 MHz can propagate in the thicker el¬ 
evated ducts. Since the elevated duct is due to meteorological effects, there can be sea¬ 
sonal as well as diurnal variations. It has been said, however, that elevated ducts give rise 
to strong persistent anomalous propagation throughout most of the year over at least one 
third of the oceans. 

Ray-optics theory indicates that both the radar antenna and the target must be within 
the duct to obtain the benefits of the low propagation loss provided by the duct. In prac¬ 
tice, it has been observed that this is not always necessary since enhanced propagation 
can occur with the radar and/or the target outside the duct (as defined by its classical duct 
thickness). This is likely due to the oversimplification of the duct model when defined by 
a smooth surface. Both the upper and lower boundaries of a duct can be irregular, allow¬ 
ing energy to “leak” or scatter into or out of the duct. It has been reported^® that the pres¬ 
ence of a very strong evaporation duct (height less than 100 ft) along with an elevated 
duct (at 2000 ft) can result in a significant increase in signal strength of a 3 GHz signal 
beyond the horizon at heights (3000 ft) which are an order of magnitude or more greater 
than the evaporation duct height. 

The capability of elevated ducts to propagate to long range in the tradewind region 
is illustrated by a particular flight of an instrumented Naval Research Laboratory aircraft 
from San Diego, California, to Oahu, Hawaii. These were communications, rather than 
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radar, experiments. A 220-MHz signal was transmitted from an antenna located at an el 
evation of about 800 ft near San Diego. The transmitting antenna was within the duct 
The signal was received by an aircraft throughout the entire path and was even detected 
after the aircraft was on the ground in Hawaii.^"^ This long range, however, occurred only 
once during the fourteen runs conducted during these experiments. In all these runs, sig¬ 
nificant increases in range were achieved compared to what would be expected from tro¬ 
pospheric scatter propagation. 

Meteorological conditions necessary for an elevated duct are similar to those for a 
surface-based duct. Under the proper conditions, one can turn into the other.^* 

Although enhanced propagation can occur when the target and the radar are properly 
located with respect to the duct, it is also possible to obtain reduced or no coverage above 
or below the duct, compared to that expected with a standard atmosphere. This lack of 
coverage due to the duct is called a radar hole. 

Subrefraction The gradient of refractivity may, at times, be such as to bend electro¬ 
magnetic rays upward rather than downward, causing a decrease in range when com¬ 
pared with standard refractive conditions.This is called subrefraction, or substandard 
propagation. It occurs when the index of refraction increases with altitude, instead of 
decreasing as is the more usual situation. Subrefraction can occur when warm, moist 
air flows over a cool ocean surface or a over a cooler air mass just above the ocean 
surface. 

An interesting example of subrefraction on radar performance has been reported by 
Brookner et al.^* for an S-band marine radar located near the entrance to the Delaware 
Bay between the States of Delaware and New Jersey. The radar was operated by the Pi¬ 
lots Association of the Bay & River Delaware. Subrefraction was said to occur through¬ 
out the year in the Delaware Bay region. The radar typically had a range of 20 nmi for 
ships of interest, but when subrefraction occurred the range was reduced in half to 10 nmi. 
A one-way loss was observed that was greater than 20 dB relative to free-space propa¬ 
gation. Reduced conditions could last for several hours before returning to normal. Sub¬ 
refraction results in an effective earth’s radius less than one, and can be one half of the 
actual earth’s radius. Some subrefraction conditions can produce a skip zone. For exam¬ 
ple, an approaching ship might be first detected at 20 nmi range, be undetected starting 
at about 12 nmi, and not seen again until it is within 6 to 8 nmi of the radar. It has been 
said that operating the radar antenna at a higher height above the surface can reduce the 
effects of subrefraction, but frequency diversity has little effect. 

In some cases fog can lead to subrefraction. When fog forms, part of the water in the 
air changes from the gaseous to the liquid state, but the total amount of water remains un¬ 
changed. Water in liquid form contributes far less to the refractive index than water in the 
gaseous (vapor) form. The formation of fog near the surface results in a reduction of wa¬ 
ter vapor and a corresponding lowering of refractivity in the region of fog. The result is 
an upward bending of the radar rays, and a shortening of the radar range. Because other 
factors can enter, the presence of fog is neither a necessary nor a sufficient condition for 
the occurrence of substandard propagation. 

It was mentioned in both references 57 and 58 that under some subrefraction condi¬ 
tions (and in the absence of fog), a ship that is not seen by radar might be seen visually. 
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This results because water vapor makes a significant contribution to the atmospheric 
index of refraction at microwave frequencies, but has little effect at optical frequencies. 

Nonstandard Propagation over Land Much of the discussion about nonstandard propa¬ 
gation in this section has been based on overwater paths. Similar effects can occur over 
land; but there has been less written about overland effects than the effects that occur over 
water. 

Over land, nonstandard propagation can be caused by radiation of heat from the earth 
on clear nights, especially in summer when the ground is moist. When the earth loses 
heat, its surface temperature falls, but there is little or no change in the temperature of the 
upper atmosphere. This leads to conditions favorable to superrefraction; that is, a tem¬ 
perature inversion at the ground and a sharp decrease of moisture with height. Thus over 
land masses, the phenomena of superrefraction and ducting are most noticeable at night 
and disappear during the warmest part of the day. Ducting observed over the Arizona 
desert during the winter when the atmosphere was clear and dry (low moisture content) 
has been attributed to this type of temperature inversion caused by nocturnal cooling of 
the ground.^® In these experiments, the duct increased in height and intensity as the night 
progressed. It was also stated that “The cyclic variation in the meteorological conditions 
occurs with the same general character night after night and, in fact, year after year” and 
that “The field-strength variations reflect this consistency.” 

Terrain generally consists of high and low regions. Diffraction (forward scattering) 
from the high regions can have a significant effect on radar propagation and sometimes 
can be the dominant propagation mechanism.In other cases, ducting may be do min ant, 
but the profile of the terrain along the propagation path might reduce the strength of the 
duct. 

The computation of radar propagation over irregular land surfaces is much more dif¬ 
ficult than computations of propagation over the sea. The variation of refractivity with 
range must be taken into account when radar waves propagate over irregular terrain. The 
irregular features, including trees and other structures, are not easy to model realistically. 
The mathematical techniques must include diffraction as well as refraction effects. One 
approach has been to map the irregular terrain boundary into a rectangular domain where 
a numerical solution can be generated by applying well-established numerical methods.®^ 
The parabolic equation method, mentioned later in this section, is one of the computation 
techniques that have been applied to predict propagation over land since it can account 
for the variation of refractivity with range. 

Effect of Ducting on Surface Clutter Measurements Most clutter measurements do not take 
account of the effects of nonstandard propagation. Ducting effects, when they exist, are 
usually inherent in the clutter data since it is difficult to separate them. Ducting can be, 
therefore, a major source of inaccuracy when trying to make quantitative measurements 
of the radar cross section per unit area (a®) of surface clutter. 

Another reason why measurements of clutter are suspect when ducted propaga¬ 
tion exists is that the precise grazing angle of the radar ray is not known. Even if the graz¬ 
ing angle were known, it is not easy to accurately determine the attenuation caused by 
ducted propagation (which is needed to determine the radar cross section of clutter). 





512 CHAPTER 8 ® Propagation of Radar Waves 


Unfortunately, most of the available clutter data does not account for nonstandard pr 
agation conditions. If the refractivity conditions of the atmosphere were accurately hno ^ 
(as with extensive measurements), it is possible in principle to extract the value of 
mg angle* and the clutter cross section during ducted propagation.®^’®^ This, however^^ 
not easy to do in practice. ’ 

In the curves of sea clutter data shown in Fig. 7.13, the value of sigma zero (clutt 
cross section per unit area) for surface-based X-band radars did not drop off sharply 
low gazing angles, as might usually be expected due to multipath from the surface 0^ 
the other hand, it was found that the X-band clutter echo did drop off with decreasin'^ 
grazing angle, as expected when the radar was in an aircraft. It is suggested that this be^ 
havior might be due to the surface-based radars experiencing ducted propagation while 
the airborne radars flying above the evaporation duct did not. 

It has also been observed in some cases with large radars looking at low angles over 
the ocean under ducted conditions, that echoes at long range from atmospheric clear-air 
turbulence can be much larger than the echoes from sea clutter.®^ 


Occurrence of Ducting Ducting is essentially a fine-weather phenomenon (with the ex¬ 
ception of thunderstorm ducts). Since tropical climates, other than at the equator, are noted 
for their fme^weather, it is not surprising to find the most intense ducting occurring in 
such regions. In temperate climates, ducting is more common in summer than in win¬ 
ter. It does not occur when the atmosphere is well mixed, a condition generally accom¬ 
panying poor weather. When it is cold, stormy, rainy, or cloudy, the lower atmosphere is 
well stirred up and propagation is likely to be normal. Both rough terrain and high winds 
tend to increase atmospheric mixing, reducing the occurrence of ducting. Although windy 
weather which causes the atmosphere to be well mixed can inhibit the formation of ducts, 
experiments in the Atlantic trade wind region indicated that the wind was the most im¬ 
portant meteorological factor required for the appearance of an evaporation duct.^® Thus, 
evaporation ducts might be weak or even not exist if there were no wind at all. 


Consequences of Ducted Propagation on Radar Performance Ducts can provide extended 
ranges against surface targets or low-flying aircraft considerably beyond the ranges that 
would be expected from a radar within a standard atmosphere. As previously mentioned, 
the radar antenna and the target must be -in, or near to, the duct to experience extended 
range. Although ducts can significantly increase the range of a radar, the consequences of 
ducted propagation are not necessarily good. In fact, in most cases the negatives tend to 
outweigh the positives. 

The ability to see at long ranges because of ducted propagation cannot be readily pre¬ 
dicted in advance, and the increased ranges cannot be relied upon since they are not al¬ 
ways present. One would certainly not want to depend on ducted propagation to extend 
the range of a radar when the proper ducting conditions for long range might not be avail¬ 
able when needed. Furthermore, increased ranges in some directions are balanced by de¬ 
creased ranges m other directions. There can be significant “radar holes” which prevent 


‘The grazing angle for sea clutter that can be found in this manner is the angle to the undisturbed sea surface. In 
practice, the angle the radar ray makes with the sea will depend on the slope of the large water waves on which 
ride the shorter waves as well as other surface disturbances. 
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a radar from seeing targets in some direction that would normally be detected if surface- 
based or elevated ducts were not present. The loss of detectability caused by radar holes 
can affect airborne radars as well as ground-based and shipbome radars. An aircraft or 
missile flying just above a duct might not be detected until it is at short range. A radar in 
an aircraft, such as for airborne air-surveillance, might not be able to detect targets that 
are below the duct even if they were well within the range of the radar. This can be avoided 
by proper control of the altitude of the aircraft carrying the radar, but it requires knowl¬ 
edge in real time of the local refractive conditions that can affect radar propagation. 

Ducted propagation can make possible the detection of unwanted clutter echoes at 
long ranges that might otherwise not be detected in a normal atmosphere. This can place 
a severe burden on MTl radars designed on the assumption that clutter will not appear 
beyond a certain range. Also, multiple-time-around clutter echoes that arrive from beyond 
the maximum unambiguous range might not be eliminated if the doppler processing em¬ 
ploys pulse-to-pulse staggered repetition periods. 

In areas of the world where surfaced-based ducts can significantly extend the radar 
horizon for a large portion of the time, the greatly increased clutter echoes that are ob¬ 
tained can seriously degrade the performance of a radar not designed to cope with it. Such 
radars that experience the detrimental effects of ducting should be designed with a large 
dynamic range so as to avoid receiver saturation by large clutter echoes, the radar should 
have additional MTI or pulse doppler improvement factor to eliminate the larger than nor¬ 
mal clutter, and the radar waveforms and processing should be designed to cancel multi- 
ple-time-around clutter echoes that originate from long ranges. The last mentioned is ac¬ 
complished by using a constant prf (instead of pulse-to-pulse prfs) with processing that 
uses the required number of “fill pulses.”^ Fill pulses are those given zero weight in the 
digital MTI processor (that is, they are discarded) so as to eliminate pulse repetition in¬ 
tervals that do not have multiple-time-around clutter. 

Again it should be mentioned that ducted propagation theoretically requires that the 
radar and target be within or close to the duct. It is seldom that a conventional surface- 
based radar, for example, will experience serious ducting effects if its beam is pointed to 
an elevation angle greater than about 0.5°. 

Modified Refrocfivify In this section the refractivity, denoted by N, has been used to de¬ 
scribe the property of the atmosphere to bend radar waves. It is sometimes convenient, 
however, to employ a modified refractivity, defined as 

M = N+ ih/a) X 10® [8.20] 

where h = height above the earth’s surface, and a = earth’s radius (in the same units as 
h). The modified refractivity M takes account of the curvature of the earth. It is useful in 
identifying ducting, since the trapping of radar waves occurs for all negative gradients of 
M. The modified refractivity, rather than N, is commonly employed by propagation engi¬ 
neers for determining the effects of refraction. 

Prediction of Refractive Effects The theory of ducted propagation is not as complete as 
one might like. Available theoretical models sometimes fail to adequately describe what 
is taking place in nature. Nevertheless, there have been developed usable prediction 
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methods based on local meteorological measurements that provide estimates of how ducted 
propagation might affect the radar coverage and how the radar platform might be posi¬ 
tioned to minimize the effects of nonstandard propagation. In the following are briefly de¬ 
scribed the several methods mentioned by Hitney®® for determining the effects of refrac¬ 
tion by a nonstandard atmosphere. 

Ray Tracing This uses geometrical optics to determine the paths taken by radar waves 
as they propagate through the atmosphere.*’^ In ray tracing the modified refractivity pro¬ 
file is assumed to vary only with height. The height is divided into small increments A/i 
and Snell’s law is applied with the small-angle approximation to determine the bending 
of a ray as it leaves a region of refractivity at a height h and passes into a region of re¬ 
fractivity N -E AA^ at height h + A/i. The refractivity at each increment of A/i is assumed 
to be linear. Since refractivity does not depend on frequency (within the normal range of 
radar frequencies), a single ray-tracing diagram can also be considered to be independent 
of frequency. Ray tracing is relatively simple compared to other models; but it does not 
provide the magnitude of the field strength. It also requires that the refractive index not 
change significantly in a distance comparable to a wavelength and the spacing between 
neighboring rays must be small in order to produce correct results when the rays diverge, 
converge, or cross. Also, diffraction effects are not taken into account. 

Waveguide Model The trapping layer can be considered as a waveguide with multiple 
modes of propagation.®* Those readers familiar with microwave propagation in metallic 
waveguides know that the dimensions of the waveguide usually are chosen so that only 
one dominant “mode” can propagate. In a rectangular guide this occurs when the broad 
dimension is slightly greater than a half-wavelength. If the dimensions are much larger 
than this, more than one mode of propagation can take place. Each mode has a different 
field configuration along the guide than the others. The various modes interfere or rein¬ 
force with one another as the energy travels along the guide, which is why a single mode 
of propagation usually is preferred. The theory and practice of propagation in waveguides 
was developed primarily in the 1930s and 1940s. The theory of guided wave propagation 
in other than metallic waveguides, however, is much older. It was first devised to explain 
how long-wavelength radio waves can propagate around the earth along the structure 
formed by the earth’s surface and the ionosphere. Such a situation results in the energy 
propagating in more than one mode. A similar type of propagation occurs when sound 
waves travel in water when one surface of the guide is the bottom of the sea and the other 
is the sea surface. In a metallic waveguide, the walls present sharp boundaries that reflect 
the propagating waves incident upon them. Waves can also be reflected from a stratified 
medium in which the refractivity varies continuously and which has no sharp boundary. 
This is what happens in ducted propagation. 

The theory of guided propagation in a layered medium has been applied to radar prop¬ 
agation in atmospheric ducts. This is a physical optics approach that takes into account 
propagation loss and diffraction. The theory predicts a cutoff frequency, below which no 
propagation can take place in the guide medium. The waveguide model can be employed 
when the vertical refractivity profile is independent of range (a vertically stratified, hori¬ 
zontally homogeneous atmosphere). Thus it is not suited when the atmospheric refraction 



8.5 Nonstandard Propagation 515 


varies with range. It can be used for ducted propagation beyond the horizon. The mode 
theory applies best when only a few modes are present, and when both the radar and the 
target are well within the duct. It tends to predict greater loss than indicated by actual 
measurements when the radar, target, or both, are not within the duct. One reason for this 
is that the duct is usually leaky. The upper boundary of the atmospheric duct is not nec¬ 
essarily smooth, but can be ragged so that the simple model of a plane surface is not re¬ 
alistic. Another limitation is that mode theory when applied over land does not usually 
include the effects of scattering from the nonsmooth terrain which is characteristic of most 
of the earth’s surface. 

The effects of multiple modes on the propagation within a duct has been mentioned 
earlier in this section, in the subsection “Multiple-Mode Propagation.” It was said there 
that fades due to multiple modes can be of the order of 20 dB and can occur at intervals 
of 2 to 3 mi in range. 

Parabolic Equation Model Unlike ray tracing or the waveguide model, the parabolic 
equation method can handle refractive index changes that are inhomogeneous in both the 
horizontal and vertical directions. Thus it is useful whenever the refractivity profile varies 
with range; such as at land/ocean interfaces and in propagation over irregular terrain. This 
approach solves the Helmholtz wave equation with a parabolic equation approximation, 
such as a numerical method called the Fourier split-step algorithm.®® The split-step par¬ 
abolic equation provides an efficient method for modeling atmospheres where the verti¬ 
cal refractivity profile changes along the propagation path. It works well within the hori¬ 
zon and over the horizon as well as near the horizon, so that a single model can be used 
to make computations in all regions of interest. It has considerable advantage over prior 
methods, but it might require large computer resources of memory and run time. It has 
been noted®® that rough surface effects are difficult to handle rigorously with this model. 
In addition to being applied over the ocean, the parabolic equation method has been ap¬ 
plied to propagation over terrain.^®-^^ 

Hybrid Method The purpose of a hybrid method is to provide the benefits of the split- 
step parabolic equation (PE) method without the extensive computations. One example is 
the Radio Physical Optics (RPO) model that uses a combination of ray optics and split- 
step PE methods.^^ These two are complementary in that split-step PE works well for 
small angles and the ray optics works well at the higher angles not covered by the PE 
method. Hitney states that this hybrid method can be 100 times faster than the pure split- 
step PE method for stressful cases. 

Computer-Based Propagation Assessment Methods There exist several computer software 
programs for determining the effects of propagation based on knowledge of the environ¬ 
mental factors that influence atmospheric refractivity. These have been used mainly by 
the military to determine the actual coverage of their radars under nonstandard propaga¬ 
tion conditions. Much of the pioneering work in this area was performed by the SPAWAR 
Systems Center, San Diego (formerly called NRaD). 

Figure 8.15 illustrates in a simple manner one example why the military tactical plan¬ 
ner would be interested in knowing the radar propagation conditions to be expected.^"^ The 
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Figure 8.15 Sketch illustrating the effect of atmospheric ducting on the flight altitude of an 
attacking aircraft. 

I (From J. H, Richter.^"*) 


left-hand side of the figure shows the radar coverage that might be obtained under stan¬ 
dard propagation conditions with no surface duct present. An attack aircraft could avoid 
detection at long range by flying at low altitude. If, on the other hand, a surface duct were 
present, as depicted on the right-hand side of the figure, a low-flying attacker would be 
detected at much longer range because of the ducted propagation. A better tactic under 
such circumstances would be to fly at an altitude just above the duct. 

IREPS One of the first computer-based propagation prediction programs for opera¬ 
tional use was IREPS, which stands for Integrated Refraction Effects Prediction System. 
It was developed by the SPAWAR Systems Center as an operational assessment tool for 
the U.S. Navy and was installed on major ships of the Fleet.^^’’® It was used with a PC, 
and had an interactive display. IREPS provided the following products: 

1. Propagation conditions summary. The plot of refractivity as a function of height was 
shown graphically for the location, date, and time of day, along with a plain-language 
narrative assessment of what effects might be expected over surface-to-surface, sur- 
face-to-air, and air-to-air paths. The presence and vertical extent of any ducts were 
indicated, and wind speed and evaporation duct height were listed numerically. A cor¬ 
rection for the measurement error of the target elevation angle due to bending by re¬ 
fraction was also given. 

2. Display of radar coverage. These were vertical coverage diagrams (range versus 
height) for specific radars and other electromagnetic systems. 

3. Display of one-way path loss with range. 

4. AEW aircraft stationing aid. This showed the distortion of normal propagation caused 
by refractive effects at a given range for various combinations of radar and target al¬ 
titudes. It provided the optimum location for the radar, so as not to lose targets 
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because of radar holes and allowed the aircraft to minimize detection by a hostile in¬ 
tercept receiver. 

5. Surface-search radar-range table. This provided predictions of the detection range 
for an operator-selected surface-search radar against an operator-selected table of sur¬ 
face targets. 

6 . Electronic support measures (ESM) intercept-range table. A display was given of the 
maximum intercept range for an operator-selected ESM system (intercept receiver) 
against various operator-selected radars or other emitters. 

In addition, IREPS could display the 50 percent probability of detection range of various 
size targets for an operator-selected forward-looking infrared (FLIR) system operating at 
various altitudes. 

There were several methods by which IREPS obtained information about refractive 
conditions, depending on what was available. Refractivity could be obtained from ra¬ 
diosonde measurements (balloon borne instruments to determine upper atmosphere pres¬ 
sure, temperature, and water vapor pressure); aircraft-borne microwave refractometers; or 
inputs from surface meteorological measurements made on board the ship on whieh IREPS 
was located. When none of these were available, IREPS utilized a stored library of his¬ 
toric refractivity and climatology statistics as a function of the latitude, longitude, season, 
and time of day. When historic data was used, the output was a prediction of propagation 
performance in probabilistic terms. Also stored were the necessary system parameters for 
the various radars, communications, electronic warfare, and other electromagnetic sys¬ 
tems whose predicted propagation performance was required. IREPS could make propa¬ 
gation predictions for frequencies from 100 MHz to 20 GHz. 

Hitney®® indicated that one of the most important uses of IREPS was for selecting the 
best flight profile for an attack aircraft attempting to penetrate the coverage of a hostile radar. 
Under normal (nonducting) propagation conditions, an attack aircraft flies most of the dis¬ 
tance to its target at low altitude in order to be below the coverage of the hostile radar. If, on 
the other hand, a surface-based duct was predicted by IREPS, the defending radar detection 
range against low-altitude targets might be greater than when ducting was absent. Under such 
circumstances, it is usually better for the attacker to fly at an altitude slightly above the duct. 
Hitney has said that “the use of IREPS coverage diagrams in strike [attack] warfare flight 
profile selection has been verified operationally to be effective 85% of the time.” 

TESS, or Tactical Electronic Support System^ This is designed for naval tactical de¬ 
cision making and is similar to IREPS in that it uses the same basic propagation assess¬ 
ment models and displays, but with better environmental information and some improved 
propagation models. For example, it employs the hybrid RPO model mentioned previ¬ 
ously so as to take account of range-dependent refractive effects. It uses real-time satel¬ 
lite data, and has the ability to overlay this data with other meteorology analyses and fore¬ 
casts. TESS is designed for surface ships that have officers trained in the environmental 
sciences, including aircraft and helicopter carriers and amphibious assault ships. 

EREPS, or Engineer’s Refractive Effects Prediction Systern^^ This is also derived from 
IREPS, but is designed for the use of engineers instead of naval tactical decision makers. 
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For example, the engineer is more interested in the long-term performance of a radar, usu¬ 
ally in statistical terms, rather than in single-event performance prediction that IREPS was 
designed to provide as a tactical decision aid. EREPS is more flexible than IREPS in that 
it increases the user’s ability to edit the various parameters and determine how changes 
in radar parameters affect performance. It also allows the use of a high-fidelity range- 
dependent propagation model such as the RPO program, including the use of the binary 
files of propagation loss versus range as generated by the RPO program. 

AREPS or Advanced Refractive Ejfects Prediction Program (AREPS) This software 
program is an advanced version of IREPS that computes and displays radar probability 
of detection, electronic support measures (ESM) vulnerability, UHF/VHF communica¬ 
tions capability, and simultaneous radar detection and ESM (intercept) vulnerability.’’ It 
is Windows based and is available from the SPAWAR Systems Center as a CD or from 
the Internet. 

Other versions of computer-based propagation prediction methods have been reported 
by Ferranti Computer Systems, Ltd. of the United Kingdom’* and by the Ukraine.’® The 
original Ferranti system was called IMP, or Identification of Microwave Propagation. As 
described, it appears to have less capability than IREPS. The Ukrainian system is said to 
incorporate scattering from atmospheric turbulence. 


8.6 DIFFRACTION 

In the previous section we discussed how radar waves can propagate beyond the geomet¬ 
rical horizon of the earth by means of atmospheric refraction. Another mechanism that 
permits electromagnetic waves to extend beyond the geometrical horizon is diffraction. 
Radio waves are diffracted around the curved earth in a manner similar to the way light 
is diffracted by a straight edge (a topic usually covered in college physics courses). The 
ability of electromagnetic waves to propagate beyond the horizon by diffraction depends 
upon the frequency (the lower the better). At microwave radar frequencies there is very 
little energy diffracted by the earth’s surface so that microwave radar coverage cannot be 
significantly extended beyond the line of sight by this propagation mechanism. Diffrac¬ 
tion is important, however, for understanding HF surface-wave radar and for predicting 
the signal strength at or near the radar horizon at any radar frequency. 

Frequency Dependence of Diffraction Figure 8.16 is a theoretical plot of the electric field 
strength (relative to free space) incident on a target as a function of the distance from 
the radar transmitting antenna. Both the transmitting antenna and the target are at a height 
of 100 m, and there is no refraction to extend the horizon. The geometrical horizon at 
71.4 km is also the horizon distance for optical frequencies (A —> 0). It represents the ap¬ 
proximate boundary between propagation and no propagation for optics and infrared. As 
the frequency decreases (wavelength increases), energy propagates farther into the region 
beyond the geometrical horizon. As the wavelength increases, however, it is noted that 
there is a reduction of energy at the geometrical horizon as well as just within the 
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Figure 8.16 Theoretical field 
strength (relative to free-space 
field strength) as a function of the 
distance from the transmitting 
antenna. Vertical polarization, ha 
~ hi= 100 m, k = 1, ground 
conductivity = 10“^ mho/m, 
dielectric constant = 4. 

I (After Burrows and Attwood,® 

I courtesy Academic Press, Inc.) 
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horizon. In the absence of refraction effects, microwave radar seldom has the ability to 
detect low-altitude targets beyond the geometrical horizon, or even at the horizon, unless 
it has sufficient power to overcome the loss caused by diffraction. 

If low-altitude radar coverage is desired beyond the geometrical horizon in the dif¬ 
fraction region, the frequency should be as low as possible and there should be excess 
power to compensate for the diffraction loss. As an example, the loss in signal strength 
in the diffraction region at a frequency of 500 MHz is roughly 1 dB/mi at low altitudes. 
(It is even greater at higher frequencies.) Therefore, to penetrate 10 mi beyond the hori¬ 
zon within the diffraction region, the radar power at 500 MHz must be increased by 
20 dB over that required for free-space propagation. Even if lower frequencies were avail¬ 
able for radar to take advantage of the lower diffraction loss, the range resolution is poorer 
(because of narrower bandwidths), beamwidths are wider, the spectrum is crowded, and 
external noise increases with decreasing frequency. 

If, on the other hand, the low-altitude coverage is to be optimized within the horizon 
in the interference region. Fig. 8.16 shows that the radar frequency should be as high as 
practical (consistent with other constraints on the choice of radar frequency). 

Coverage at the Horizon The maximum “line-of-sight” distance d between a radar at a 
height ha and a target at height h, is given by the expression 

d = a/ 2kaha + 2kah, [8.21] 

where ^ is the effective earth radius, and a is the earth actual radius. In this equation, the 
line of sight between the radar and the target is assumed to be tangent to the earth’s sur¬ 
face. This equation is often used to describe the maximum range at which a target at an 
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altitude h, can be seen above the radar horizon. The diffraction loss at the horizon, how¬ 
ever, might be from 10 to 30 dB below that if in free space.*® Thus caution should be 
used when employing the above equation to describe the low-altitude coverage of a radar 
when propagation is near the horizon. 

Surface-Wave HF Radar The diffraction loss at HF frequencies (3 to 30 MHz) is much 
lower than that at microwave frequencies. For this reason, the potential of extended cov¬ 
erage at low altitudes beyond the horizon has been examined many times in the past us¬ 
ing HF radar and the surface wave, or ground wave, mode of propagation where the dif¬ 
fraction loss is low. It has been said** that for every nautical mile increase in radar range 
beyond 75 nmi over the sea in the diffraction region requires an increase of radar energy 
of approximately 0.3, 0.5, and 0.6 dB per nautical mile at frequencies of 5, 10, and 
15 MHz, respectively. The loss depends on the surface conductivity. Over land the loss is 
much higher than over the sea; which is why HF surface-wave radars are seldom consid¬ 
ered for operation over land. 

The lower the frequency the lower will be the propagation loss. The lower the fre¬ 
quency, however, the greater will be the external noise. (External noise can be many or¬ 
ders of magnitude greater than receiver noise). External noise is due to either atmospheric, 
cosmic, or anthropogenic noise. The radar cross section of most aircraft at HF is usually 
much larger than at microwave frequencies; but at a sufficiently low frequency (depend¬ 
ing on the size of the target), the cross section falls in the Rayleigh region where it varies 
as the fourth power of the radar frequency. It then decreases rapidly with decreasing fre¬ 
quency. For example, the decrease in cross section of a fighter aircraft signifying the 
Rayleigh region might begin somewhere around 15 to 20 MHz. For a large bomber air¬ 
craft, the Rayleigh region might begin at a frequency of 3 to 6 MHz. 

There will be an optimum frequency for a surface-wave radar. Below the optimum 
frequency there is an increase in radar power because of increased external noise and 
lower radar cross section. Above this frequency, increased power is also needed because 
of the increase in diffraction loss with increasing frequency. The optimum frequency will 
depend on the type of target and the variability of external noise with time of day and 
season. Because of the variability of external noise and the need to detect small as well 
as large targets, the choice of HF radar frequency is often a compromise. In one analysis 
of the optimum frequency for a particular HF radar, the region from 5 to 10 MHz seemed 
to be the best place to operate.** 

Vertical polarization is used in HF surface-wave radar since its energy extends down 
to the surface, which is what is desired to detect targets at or near the surface. The en¬ 
ergy radiated by a horizontally polarized antenna, on the other hand, decreases as the sur¬ 
face is approached. When surface-wave radars are considered for shore-based operation 
looking out over the sea, the antennas can be of large extent in the horizontal dimension. 
They might be from 300 to 1000 m (more or less). A 500-m antenna at 10 MHz has a 
beamwidth of about 4°. The antenna is an array which is either electronically steered in 
azimuth angle or which forms a number of multiple fixed receiving beams covering the 
area of interest. With multiple receiving antenna beams, the transmitting antenna is much 
smaller in size than the receiving array antenna since it utilizes one broad beam to cover 
the region viewed by the multiple, narrow receiving beams. The advantage of this antenna 
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arrangement is that it is easier to make a large receiving antenna than a large transmitting 
antenna. The multiple beams of the receiving antenna allow the simultaneous processing 
of the radar echo signals from each beam, which allows a faster data rate. Because of ex¬ 
pense, HF radar antennas seldom have significant directivity in the elevation plane other 
than that obtained from a monopole radiator in front of a backscreen. These radars need 
doppler processing in order to detect desired moving targets in the midst of the large echo 
from the land or sea. 

Because of the exponential diffraction loss, land-based HF surface-wave radars that 
look over the sea might have average powers of from several tens of kW to well over 
100 kW. The pulse repetition frequencies are usually low so that ground echoes received 
via skywave propagation from long range do not interfere with target echoes from the 
near-range. The ranges of such radars might be from 50 to 150 nmi depending on the type 
of target. (Most of the numbers presented here are not meant to be interpreted as rigid 
bounds.) 

HF surface-wave radars for shipboard operation have to be much smaller in size than 
land-based systems and be satisfied with lower power transmitters.*^ Their ranges would 
be correspondingly reduced. The main naval application for such radars might be to detect 
low-altitude antiship missiles at greater ranges than can be detected by microwave radar. 

In spite of some attractive attributes of HF surface-wave radar there are many diffi¬ 
culties in their application (which mainly have been for military purposes). They have 
poor resolution in range and angle, no indication of target elevation angle (or height), they 
require large antennas, and on board ship, they can cause mutual interference with HF 
communications. If the chief interest is in detecting targets at over-the-horizon ranges, the 
radar cannot immediately differentiate between a target that is at the same range as the 
over-the-horizon target but at a higher altitude and within line of sight. Military radars for 
air defense require some form of target identification, usually a cooperative IFF (identi¬ 
fication friend or foe) system that operates at microwave frequencies. Thus there is no 
convenient means for target recognition when using HF radar. Also, the powerful HF sig¬ 
nals radiated by a military radar can be detected by a hostile intercept receiver at very 
long distances. Thus there are reasons why the HF surface-wave radar has not seen oper¬ 
ational application even though it has the capability of seeing over the horizon. 

In general, the long-range HF over-the-horizon radar that employs skywave propa¬ 
gation has greater range and greater coverage than a surface-wave radar, and is not that 
much larger than the largest surface-wave systems.*^ Much smaller HF surface-wave radars 
have also been operated at within-the-horizon ranges for remote sensing of sea state,*"'^ 
surface currents,*^’**’ and icebergs.*’-** 


8.7 ATTENUATION BY ATMOSPHERIC GASES 

Water vapor and oxygen in the clear atmosphere can attenuate radar energy when the 
radar frequency is at or in the vicinity of one of the resonant frequencies of these mole¬ 
cules. Figure 8.17 shows the attenuation due to both water vapor and oxygen as a func¬ 
tion of frequency. There is a resonance peak of water vapor at a frequency of 22.2 GHz, 
and another in the millimeter wave region at 184 GHz.*®'®° The attenuation due to water 
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Figure 8.17 Attenuation of 
electromagnetic energy by atmospheric 
gases in an atmosphere at 76 cm 
pressure. Dashed curve is absorption 
due to v/ater vapor in an atmosphere 
containing 1 percent water vapor 
molecules (7.5 g water/m^). The solid 
curve is the absorption due to oxygen. 

I (From Burrows and Attwood® and Straiten 
I and Tolbert.®^) 



vapor will depend on the amount of moisture in the atmosphere, which can vary with time 
and place. Although the attenuation is only about 0.2 dB/km at a frequency of 22 GHz, 
absorption can be sufficient to deteriorate the effectiveness of radars that operate at the 
original ^f-band frequency of 24 GHz. When radars were first developed at K band dur¬ 
ing World War II, it was not realized that there was a nearby absorption band. To avoid 
this problem, the original K band was split into a lower band, K^, and an upper band, Ka, 
Table 1.1. Radars are almost never found any more at the original K band. The oxygen 
molecule has resonances at 60 GHz and 118 GHz. The 16 dB/km attenuation at 60 GHz 
makes this region unusable except for very short range radars and radars that operate in 
space outside the atmosphere. 

Atmospheric attenuation generally has negligible effect on radar performance at the 
normal microwave frequencies. It begins to be increasingly important at frequencies above 
10 GHz. The large attenuations experienced at millimeter wavelengths is one of the chief 
reasons why long-range radars are seldom found above 40 GHz. 

The effect of attenuation, when it is large enough to be a problem, is accounted for 
in the radar range equation by inserting into the numerator the multiplicative factor exp 
{—2aK\, where a is the one-way attenuation coefficient measured in units of distance^\ 
and R is the range to the target. Instead of a it is more usual to express the one-way at¬ 
tenuation, especially when plotted in graphs, as decibels per unit distance—which is what 
is done here. This is equivalent to the quantity 4.34a, where the constant 4.34 accounts 
for the conversion from the natural logarithm to the base 10 logarithm. 

If the attenuation per unit distance a is not constant, exp [—2aR] should be replaced 
by exp [—2ja(R)dR], with the integration taken from 0 to the target range R. 
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Atmospheric attenuation decreases with increasing altitude (there are fewer molecules 
to absorb the radar energy). When the antenna beam is pointed at some elevation angle, 
the variability of attenuation with altitude must be taken into account when determining 
the total attenuation along the propagation path. With a ground-based radar the attenua¬ 
tion is greatest when the antenna points along the horizon, and is least when it points to 
the zenith. For example, at the water vapor absorption line located at 22.2 GHz, when the 
energy is directed at the horizon (elevation angle of 0°), the total attenuation in propa¬ 
gating completely through the earth’s troposphere and back again is 80 dB, a formidable 
number. When the energy propagates at the zenith (elevation angle of 90°), the total two- 
way attenuation through the entire troposphere is only 1.3°. If the elevation angle were 
greater than 10°, the total attenuation is less than 7 dB, so that when the radar is looking 
at the higher elevation angles, attenuation might not be important. Figure 8.18 gives 


Figure 8.18 Two-way atmospheric 
attenuation as a function of range and 
frequency for (a) 0° elevation angle 
and (b) 5° elevation angle. 

(From L V. Blake.”) 
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examples of the two-way attenuation in the atmosphere as a function of range and fre¬ 
quency for elevation angles of 0 and 5°.®^ It might be noted that even if there were no 
loss at 0° elevation, the null at the horizon due to multipath prevents significant propa¬ 
gation of radar energy at or near this angle (except under ducting conditions or at low fre¬ 
quencies with vertical polarization.) 


8.8 ENVIRONMENTAL, OR EXTERNAL, NOISE 

The inherent internal noise of the radar receiver is what usually limits the detectability of 
targets by microwave radars (in the absence of clutter echoes). At frequencies at either 
end of the microwave spectrum, however, the limitation on sensitivity is usually the ex¬ 
ternal noise that appears at the antenna terminals from some outside source. The reradia¬ 
tion noise due to atmospheric absorption usually determines the receiver sensitivity at the 
upper end of the microwave spectrum and at millimeter waves. At VHP and lower fre¬ 
quencies the receiver sensitivity is usually set by cosmic noise, the noise due to the com¬ 
bined effects of lightning strokes throughout the world, and anthropogenic noise. The min¬ 
imum noise occurs at the middle of the microwave region, in the vicinity of S band. 
Generally, external noise is not a factor in radar performance unless the radar frequencies 
are outside the range of the usual microwave frequencies. Harmful external noise at the 
antenna terminals due to deliberate hostile jamming, however, can cause serious degra¬ 
dation to an unprepared military radar system, but this is not the subject of this chapter. 

Atmospheric Absorption Noise It is known from the theory of blackbody radiation that 
any body that absorbs energy reradiates the same amount of energy that it absorbs, else 
it would increase in temperature. As mentioned in Sec. 8.7, water vapor and oxygen ab¬ 
sorb (attenuate) radar energy. This absorbed energy must then reradiate as thermal noise. 
If L is the loss of radar energy when propagating through the atmosphere, and is the 
ambient temperature of the absorbing atmosphere, the effective noise temperature of the 
reradiated energy is = Ta{L — 1). (The effective temperature is defined in Sec. 11.2.) 
Atmospheric absorption noise, just like atmospheric attenuation, is of potential concern 
only at the higher radar frequencies. Figure 8.19, shown later, is a composite plot of the 
several sources of electromagnetic noise as a-function of frequency. Atmospheric absorp¬ 
tion noise is the dominant effect at the right side of the figure. The maximum value of at¬ 
mospheric absorption noise occurs for an elevation angle of 0°, the minimum values for 
an elevation angle of 90° (looking straight up). 

Cosmic Noise There is a continuous background of noiselike electromagnetic radiation 
from extraterrestrial sources in our own galaxy (the Milky Way), extragalatic sources, and 
radio stars. Cosmic noise generally decreases with increasing frequency and can usually 
be ignored at frequencies above UHF. The magnitude of cosmic noise depends upon the 
portion of the celestial sphere to which the antenna points. It is a maximum when look¬ 
ing toward the center of the Milky Way, and a minimum when observing along the pole 
about which the Milky Way revolves. The maximum and minimum brightness tempera¬ 
ture due to cosmic noise is shown in the left-hand portion of Fig. 8.19. The brightness 
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temperature can affect the system noise temperature and the sensitivity of the radar re¬ 
ceiver (especially at the lower frequencies). In the absence of any radio stars, the back¬ 
ground cosmic noise left over from the “big bang” at the start of the universe is the min¬ 
imum noise level that might be expected. Its value is 2.7 K, which is too small to bother 
any radar receiver. 

The sun is a relatively strong emitter of noise if the radar antenna beam directly views 
the solar disk. It might also be detectable with radars having poor sidelobes and very sen¬ 
sitive receivers. The minimum level of solar noise is due to blackbody radiation at a tem¬ 
perature of 6000 K. Solar storms (sunspots and flares), however, can increase the solar- 
noise level several orders of magnitude over that of the quiet or undisturbed sun. Radar 
stars are too weak to be a serious source of interference. Both radio stars (in conjunction 
with sensitive receivers) and the sun have been used as sources to calibrate the beam¬ 
pointing (boresight) of large antennas.®^"®"* 

Atmospheric Noise (Lightning) A single lightning stroke radiates considerable RF noise 
power, especially at the lower frequencies. At any one moment there are an average of 
1800 thunderstorms in progress in different parts of the world. From these storms about 
100 lightning strokes take place every second somewhere in the world.®^ The combined 
effect of all the lightning strokes is to give rise to a noise spectrum that is especially large 
at broadcast and shortwave frequencies. Noise radiated by lightning strokes throughout 
the world is called atmospheric noise (not to be confused with the noise produced by at¬ 
mospheric absorption, as mentioned previously). The spectrum of atmospheric noise falls 
off rapidly with increasing frequency and is usually of little consequence above 50 MHz. 
It is seldom, therefore, an important consideration in radar design; except possibly for 
radars in the lower portion of the VHF region. 

Anthropogenic Noise In preparing the previous (second) edition of this text, the pub¬ 
lisher reminded me on several occasions to avoid the use of sexist terminology. I believe 
I was successful in doing so, except for one term: that of man-made noise. My reason for 
wanting to continue to use it was not that men usually make such noise (which they do), 
but I could not find a suitable substitute. Tenns such as “human-made noise,” “people- 
made noise,” or “population-made noise” might be nonsexist, but they just didn’t sound 
right. The publisher took pity on my inability to find a suitable substitute and relented; 
so on p. 463 of the 2d edition, the term “man-made noise” was allowed to appear. After 
the book was published, I came upon an excellent substitute, which is “anthropogenic 
noise.” Anthropogenic is an adjective that means relating to, or resulting from the influ¬ 
ence of humans on nature. It is a proper replacement for the no longer acceptable term 
man-made noise. 

Electromagnetic emissions that appear as noise or interference to other electromag¬ 
netic services, originate from many possible sources: higher harmonics and other inci¬ 
dental radiation from transmitters, automobile ignition, electric razors, power tools, auto¬ 
matic garage door openers, fluorescent lights, industrial processing equipment, and power 
transmission lines.Anthropogenic noise is more prevalent in urban and industrial ar¬ 
eas than in rural areas. It decreases with increasing frequency and is seldom a factor in 
the design of microwave radars. It can be of concern, however, for VHF and lower-UHF 
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systems. Because of its variability in time and space, it is difficult to be precise about the 
quantitative nature of this form of noise. In the UHF radar frequency band, one source 
indicates®* that the noise temperature of anthropogenic noise from a business region (in¬ 
dustrial park, large shopping center, busy street, or highway) might be about 500 K, and 
for a residential region (at least two dwelling units per acre and no nearby highways) it 
might be about 200 K. At VHP and UHF, anthropogenic noise varies almost inversely as 
the cube of the frequency. 

Interference and noise can also be experienced from other users of the electromag¬ 
netic spectrum, such as other radars and communications of all varieties. These sources 
of interference are generally different from anthropogenic noise, and is considered a prob¬ 
lem in electromagnetic compatability (EMC). 

Composite Graph Figure 8.19 is a composite graph of the several forms of environmental 
noise that might affect radar.®® Only the minimum and maximum resultants from the var¬ 
ious component factors are shown. Atmospheric noise and cosmic noise dominate at the 
lower frequencies, and atmospheric absorption noise dominates at the higher frequencies. 
The minimum noise levels occur from about 1 to 5 GHz (L to C band). Anthropogenic 
noise is not included on this graph since it is so variable and generally is of little conse¬ 
quence to radars that operate within the usual microwave radar bands. It can be quite im¬ 
portant, however, for radars that operate at VHP or lower frequencies. 


Earth Thermal-Noise The temperature of the earth is nominally 290 K; hence, it will ra¬ 
diate thermal noise. If an antenna beam illuminates the ground, it will receive a portion 


Figure 8.19 Maximum and 
minimum brightness temperatures of 
the sky as seen by an ideal single¬ 
polarization antenna on earth. 

I (After Green and Lebenbaum.^^) 
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of the thermal noise radiated by the earth. The actual noise temperature seen by the re¬ 
ceiver depends on whether the entire main beam of the antenna views the ground or if only 
a portion of the beam does so. The radiated noise depends on the emissivity of the ground 
as well as its temperature. Thus the brightness temperature seen by the antenna will be less 
than the actual temperature when the emissivity of the ground is less than unity, as will 
happen if the antenna views a water surface. The effect of the thermal noise radiation from 
the ground will affect only those systems with very sensitive receivers, generally those with 
noise figures of a fraction of a decibel. Radar receivers are seldom that sensitive; hence, 
the thermal noise radiated by the ground usually does not bother conventional radars. 


8.9 OTHER PROPAGATION EFFECTS 

Radar Siting Minimizing of environmental noise effects sometimes can be an important 
consideration in determining where a radar should be located. The siting of a radar also 
depends on the masking (obscuring or screening of targets) due to terrain and the backscat- 
ter from terrain features. It is especially important to know how the terrain affects the per¬ 
formance of ground-based radars when there is either severe masking, severe clutter 
echoes, or when low altitude targets have to be detected with high reliability. 

The air-surveillance radars employed during World War II had no doppler process¬ 
ing, so that an aircraft target located in the same radar resolution cell as a clutter echo 
was likely to be undetected because of the large clutter echoes. As mentioned previously, 
when siting military air-surveillance radars at that time, it was desired that a site be cho¬ 
sen such that the surrounding terrain would shield clutter echoes from the radar. In effect, 
the terrain was used to mask the low-lying clutter echo and prevent it from entering the 
radar receiver so that aircraft at high altitudes could be seen without the presence of clut¬ 
ter. That was satisfactory in World War II, since heavy bomber aircraft generally flew at 
high altitudes. Modem aircraft and missiles, however, fly at low altitudes to deliberately 
avoid a radar’s coverage. The military radar designer can respond by siting the antenna 
as high as practical and employing doppler processing to separate moving targets from 
fixed clutter echoes. Thus the siting of ground-based military air-defense systems has to 
take account of the local terrain so as to minimize the regions where the detection ranges 
of low-altitude targets are significantly reduced because of terrain masking. 

The effect of terrain is an important part of the siting of civil air-traffic control radars. 
Computer software has been developed for providing detailed information about the ter¬ 
rain and its effect on civil air-traffic control radars so that the performance of a potential 
radar site can be determined before the radar is installed.This program, called the Radar 
Support System (RSS), provides information that allows the radar designer to optimize 
the performance of a site-specific sensor by selecting the optimum radar height, optimum 
beam-tilt-angle, sensitivity time control (STC) characteristics, and to determine the like¬ 
lihood of false alarms due to echoes from highway traffic or large clutter echoes. The in¬ 
put to RSS includes a digital model of the terrain obtained from databases available from 
the United States Geological Survey (USGS) or the Defense Mapping Agency. The height 
resolution is one meter and the steps in latitude and longitude are three seconds. There is 
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also a USGS database of land use and land cover with the same latitude/longitude quan¬ 
tization. It identifies the land as one of ten possibilities; such as urban, agricultural, for¬ 
est, wet land, barren land, and so forth. Also included is a cultural database that provides 
three-dimensional models of the significant buildings near the radar site (such as an air¬ 
port), and includes an estimate of the construction material of each structure. The RSS 
determines plots of the line-of-sight visibility from the radar, areas which are screened 
from the radar, the radar cross section of all visible terrain cells, and the probability of 
detection for specified targets. 

Similar computer models and terrain databases have been applied to a military over¬ 
land situation when the radar is located off shore. Based on the Defense Mapping 
Agency’s Digital Terrain Elevation Data and propagation programs like those mentioned 
in the previous section for standard and nonstandard atmospheric refraction conditions, it 
determines terrain and target visibility, masking, clutter echo strength, and plots the results 
on a maplike presentation to show how radar coverage is affected by the environment. 

Atmospheric Lens-Effect Loss Weil*°^’'°^ has shown there is another effect of atmospheric 
refraction on radar propagation, in addition to what was discussed in Secs. 8.4 and 8.5. 
The variation of standard refractivity with altitude causes the atmosphere to act as a neg¬ 
ative lens that decreases the radiated energy density incident on a target. This loss is in¬ 
dependent of radar frequency. Unlike atmospheric attenuation, the lens-effect loss con¬ 
tinues to increase at ranges beyond the sensible atmosphere, but it approaches a limiting 
value asymptotically. For a CRPL exponential atmosphere with surface refractivity equal 
to 313, the loss is less than 1 dB at a range of 200 nmi and 0° elevation angle, and less 
than 0.18 dB at an elevation angle of 5°. The limiting values at very long range (10,000 
nmi) are 2.9 dB at 0° elevation and 0.27 dB at 5° elevation. The lens-effect loss is an ad¬ 
ditional loss that is additive to the atmospheric attenuation. It is usually small enough to 
be neglected, except at low elevation angles and long range. 

Ionospheric Propagation at Microwave Frequencies The ionosphere is a partially ionized 
region of the upper atmosphere that extends from about 50 km to 2000 km in altitude. 

It is generated by high-energy particles that travel from the sun to ionize the atoms of the 
thin upper atmosphere. The refraction, or bending, of electromagnetic radiation by the 
ionosphere allows long-range propagation by shortwaves (the HF region) that is well know 
to radio amateurs. It is also the basis for HF over-the-horizon radar which allows the de¬ 
tection of aircraft, ships, and ballistic missiles at ranges extending out to 2000 nmi and 
beyond. The ionosphere is usually considered transparent to microwave radiation, but this 
is not fully correct. It can adversely affect in several ways the propagation of microwave 
radiation that travels through it. 

Faraday Rotation of Polarization An electromagnetic wave experiences a rotation of 
its plane of polarization when traveling in an ionized medium (the ionosphere) and a 
magnetic field (that of the earth). This is known as Faraday rotation. If a ground-based 
radar is to detect satellites and other space objects, and if the radar employs linear polar¬ 
ization, the polarization of the echo signal will be different from that transmitted. A loss 
in signal can result. If, for example, the polarization were rotated by 90° because of 
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Faraday rotation, the received signal would be zero since the polarization is orthogonal to 
that of the transmitting antenna (which is assumed to be the same antenna as that used for 
receiving). The amount of polarization rotation varies inversely as/^, where/= radar fre¬ 
quency. The rotation is determined by the total electron content of the ionosphere seen over 
the radar propagation path, which depends on the radar location, time of day, time of year, 
and the sunspot cycle. The effect is greater when the radar beam is pointing north or south 
and minimum when pointing east or west (directions are relative to magnetic north). 

Radars for the detection of extraterrestrial targets that operate at UHF or lower fre¬ 
quencies can encounter loss due to the large polarization rotations of their echo signals. 
One solution for radars that are subject to Faraday rotation is to transmit on a single lin¬ 
ear polarization (for example, vertical) and receive on two orthogonal linear polarizations 
(horizontal and vertical) in order to avoid loss in signal because of Faraday rotation. The 
echo signals in each polarization receive-channel are processed separately and then com¬ 
bined. This technique has been used in UHF radars for the detection of space objects such 
as BMEWS (ballistic missile early warning system), the AN/FPS-85 space surveillance 
radar, and the Pave Paws missile warning radar. At one time it was thought that radars at 
L band did not experience sufficient polarization rotation to require receiving with dual 
polarizations. Faraday rotation, however, can sometimes be significant enough at L band 
to require compensation.*®^ The maximum one-way polarization rotation at a frequency 
of 1 GHz, for example, has been said to be 108° for a radar in the United States that views 
a target at an elevation angle of 30°.*°® Faraday rotation can also affect spacebome radars 
viewing ground targets. 

Other Ionospheric Ejfects The ionosphere will introduce a time delay that is inversely 
proportional to/^. At 1 GHz, the maximum delay is said to be 0.25 )US.*°® There can also 
be refraction of the beam, loss by absorption, and frequency dispersion that introduces 
distortion into wideband signals. These effects are generally small at microwave fre¬ 
quencies for most radar applications that propagate through the ionosphere. There is one 
important example, however, where compensation had to be made in a microwave 
radar to avoid degradation of performance because of dispersion when propagating through 
the ionosphere. This occurred for the Cobra Dane high resolution L-band radar (1175 to 
1375 MHz).*°’ 

The Cobra Dane radar, located on the island of Shemya at the southern tip of the 
Aleutian island chain in Alaska, was designed to gather intelligence information on So¬ 
viet ballistic missile systems. Its high range-resolution waveform employed a 1000-/rs lin¬ 
ear FM pulse with a 200-MHz bandwidth. Stretch pulse compression was incorporated to 
achieve a range resolution of about one meter. The time delay in propagating through the 
ionosphere was different at the low-frequency end of the 200-MHz bandwidth compared 
with the time delay at the high end of the bandwidth. This difference in propagation time 
was sufficient to introduce phase distortion and broaden the compressed pulse width un¬ 
less compensated. The necessary corrections were obtained by predistorting the transmit¬ 
ted pulse by the inverse of the distortions introduced by the ionosphere. In addition to the 
ionospheric corrections, there had to be a correction applied to account for the fact that 
the doppler-frequency shift also was not constant over the 200-MHz bandwidth of the 
high-resolution waveform. 
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PROBLEMS 

8.1 In this problem, you may assume a flat earth, (a) What are the elevation angles (in 
degrees) of the two lowest elevation-pattern multipath interference lobes for an L-band 
(1300 MHz) radar antenna located at a height 50 ft above a perfectly conducting flat sur¬ 
face? (b) What is the height (in meters) of the peak of the first (lowest) lobe above the 
earth’s surface at a range of 3 nmi? (c) Repeat (a) and (b) for an Z-band (9375 MHz) 
radar antenna, (d) What can you conclude from the above about the detection of low- 
altitude targets and radar frequency? (e) When might the Z-band ship navigation-radar of 
part (c) have trouble detecting navigation buoys because of multipath lobing, especially 
if the ship is sailing in calm waters? (You may assume that the echo from the buoy is due 
to a comer reflector mounted at the top of the buoy 6 m above mean sea level.) 

8.2 Under what conditions might the received echo-signal power from a point target located 
over a flat conducting surface (such as a smooth sea) vary inversely as the eighth power 
of the range? 

8.3 Figure 8.1 illustrates the two paths between the radar and a point target (the direct path 
and the surface-reflected path). Assume a radar transmits a single short-pulse with pulse 
duration much less than the time difference between the signals transiting these two paths; 
i. e., the pulse width is small compared to 2A/c, where A was given by Eq. (8.4). (You 
may think of the pulse as a delta function that propagates in space.) (a) Sketch the nature 
of the echo signal received back at the radar after reflection by the point target. (There 
will be more than one echo returned to the radar.) (b) Derive an expression for the time 
separation between the pulses? (c) How can this type of short-pulse transmission be used 
to measure the height of a target? 

8.4 The lobes in the elevation pattern due to multipath (such as in Fig. 8.6b) cause loss of tar¬ 
get signal when the target is within the null regions of the pattern. What might the radar 
system designer do to avoid the loss of signal due to the multipath nulls? 

8.5 Many air-surveillance radars operate with the antenna beam pointed slightly upward so 
that the lower half-power point of the elevation pattern is directed along the horizon rather 
than have the maximum antenna gain along the horizon. Discuss the pros and cons of hav¬ 
ing the antenna half-power point at the horizon instead of the maximum antenna gain at 
the horizon. 

8.6 What radar characteristics are important for detecting targets at low altitudes? 

8.7 The caption of Fig. 8.6b states that this is a plot of the elevation pattern of a 900-MHz 
radar at an antenna height of 75 ft. Using Eq. (8.8) verify that this is correct based on the 
antenna pattern shown in Fig. 8.6b. Assume a flat earth and an effective earth’s radius of 
4/3. (Use of the lowest lobe, however, will probably not give as correct an answer as will 
the next higher lobe.) 

8.8 (a) Show that the distance d to the horizo n from a radar at a height h above a spherical 
earth of effective radius ka is d = V'lkah. (b) If ^ = 4/3 and the actual radius of the earth 
a = 3440 nmi, what is the distance in nautical miles to the horizon for a radar at a height 
of 10,000 ft? (c) How much would the distance to the horizon in (b) be increased if the 
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atmospheric refraction were such that k = 1.8 instead of 1.33? (d) If a radar had a free- 
space range exactly equal to the distance to the horizon, d, why might it not be able to 
see a target located at the horizon? 

8.9 The factor k that describes the modification to the earth’s radius to account for atmos¬ 
pheric refraction was given by Eq. (8.16) as 



1 -f a(dn/dh) 


where a = radius of the earth and dn/dh is the rate of change of the index of refraction 
with height, (a) What value of dn/dh results in A: = oo? (b) What does it mean when 

^ = CX)? 

8.10 In Sec. 8.4 of the text it is reported^^ that the range error due to atmospheric refraction is 

97.5 ft for a target at 40,000 ft and an elevation angle of 3°. Compare this to the answer 
you get for the range error when using Eq. (8.19), based on different experimental data. 
(You might need to use Fig. 8.9. Take the surface refractivity to be 313.) 

8. n (a) Why are radars seldom operated at or near a frequency of 22 GHz or near 60 GHz? 

(b) What is the two-way attenuation of a radar signal (in dB) in the clear atmosphere at 
a frequency of 5 GHz when propagating 200 nmi (and back) at an elevation of 0°? (c) 
What is the two-way attenuation when the elevation angle is increased to 5°? (d) Why are 
aircraft targets not likely to be detected at long range at zero degrees elevation angle? 

8.12 A shipboard military radar for detecting low-altitude missile targets over water might be 
based on either (1) microwave ducted propagation or (2) HE surface-wave propagation to 
extend the detection range beyond the horizon. Compare these two radar methods with 
respect to their effectiveness in performing this task. Include in your comparison the ef¬ 
fect of their relative size, reliability for detection under all conditions, accuracy, and any¬ 
thing else you think is appropriate. 

8.13 Equation 8.11b assumes that the antenna gain remains constant with frequency (which 
means the beam widths remain constant), so the received echo signal power varies as 

where A = wavelength. How would the echo signal power vary with wavelength 
if the antenna aperture remained constant with frequency? 



